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Introduction 

Estrogen (ER) and Progesterone (PR) Receptors: Estrogen receptor-α (ER) and progeste-

rone receptor (PR) are members of a superfamily of hormone-regulated transcription factors 

that stimulate gene expression in response to estrogens and progesterones respectively. In or-

der to activate gene transcription, the ER and PR undergo a series of well-defined steps. When 

bound to hormone, these receptor undergo a conformational change, dissociation from cellular 

chaperones, receptor dimerization, phosphorylation, interaction with coactivators and recruit-

ment of chromatin modifying enzyme activities such as histone acetyl transferase activity (HAT), 

methyl transferase activity, ATPase activity, ubiquitin-conjugation activity and ubiquitin-protein 

ligase activity, DNA-binding at an enhancer element of the target gene, and subsequent re-

cruitment of basal transcription factors to form a stable preinitiation complex [37-40]. These 

events are followed by up- or down-regulation of target gene expression. However, these recep-

tors may also be converted into active forms even in the absence of hormones in target cells. 

The mechanism of hormone-independent activation of ER and PR has not been understood ful-

ly yet but it may involve the bypassing of any one of the above mentioned steps of hormone-

dependent activation [41, 42]. 

Coactivators of ER and PR: Nuclear hormone receptor coactivators are molecules that interact 

with activated receptors and stimulate receptor-mediated transcription of target genes. There 

are now ~200 published nuclear hormone receptor coactivators that work with ~ 48 nuclear re-

ceptors [6, 8, 9, 11]. The most widely studied coactivators include members of the p160 family 

of coactivators; SRC-1 (steroid receptor coactivator-1) [43], SRC-2 (TIF-2; transcription inter-

mediary factor-2/GRIP-1; glucocorticoid receptor interacting protein-1) [44, 45], SRC-3 (p/CIP; 

p300/CBP interacting protein/ACTR; activator of thyroid and retinoid acid receptors/AIB-1; am-

plified in breast cancer-1/RAC-3; retinoid acid receptor coactivator-3/TRAM-1; thyroid receptor 

activator molecule-1) [46-49], the CBP (CREB-binding protein)/p300 family [50], coactivator-

associated arginine methyltransferase (CARM-1) [51, 52], E6-AP [10] and UbcH7 [53]. It has 

been shown that coactivators can mediate chromatin modifications either through acetylating 

reactions mediated by histone acetyl transferases or through nucleosome remodeling complex-

es [6, 8, 11]. Coactivators are predicted to have many activities in addition to the initiation of 

transcription, such as mRNA transport from the nucleus, mRNA translation, and posttranslation-

al modifications of the synthesized protein. That coactivators possess stratified actions in the 

entire process of transcription-translation reflects the fact that they do not act alone but rather as 

part of multiprotein complexes. These multisubunit entities, containing many individual enzymat-

ic activities, represent a complex machine that is able to concentrate and link diverse enzymes, 

and the processes that they regulate, together in one place [6, 8, 11]. In this way, the coactiva-

tor complex executes the coactivator's final agenda—that is, to see a particular gene expressed 

as a mature functional protein. 

Transcription is a highly dynamic and orderly process involving many subreactions (multiple 

steps of initiation, elongation, splicing, and termination) [54]. Given that so many nuclear hor-

mone receptor coactivators have been identified, there is certainly no shortage of them to partic-

ipate in the wide variety of transcription subreactions. But why would a cell possess such a 

cumbersome transcriptional apparatus? The answer may lie in the fact that mammals are sub-

stantially more complex than organisms such as yeast, worm, and the fruit fly, which have far 

fewer nuclear receptor coactivators. For instance, only a single nuclear receptor coactivator 
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(Taiman/dAIB1) has been identified in fruit flies so far [55]. For transcription to proceed, there 

need to be histone modifications (such as acetylation and methylation), ATPase-dependent 

chromatin remodeling, initiation of transcription, elongation, alternative RNA splicing and mRNA 

processing, and termination. The focus of coactivator enzymatic activities in these processes 

has centered on the posttranslational modification of histones and chromatin [56, 57]. However, 

it is becoming clear that nuclear hormone receptors and their coactivators are also subject to 

posttranslational modification [58, 59]. The posttranslational targeting of nuclear hormone recep-

tors and their coactivators is important because these modifications influence the expression of 

functionally related groups of genes.  

As mentioned above that coactivator proteins form multiprotein complexes to efficiently regulate 

target gene transcription. Recently, we have identified novel protein named WBP-2 as an E6-AP 

interacting protein and show that it specifically modulates ER and PR functions. WBP-2 was 

previously shown to interact with human YAP1 via the WW-domain of YAP1 protein [12]. The 

WW-domain is characterized by 35-40 semi-conserved amino acids, which are involved in pro-

tein-protein interaction. WBP-2 interacts with the WW-domain via a short proline-rich motif 

(PPXY) with the consensus sequence of four consecutive prolines followed by tyrosine [16, 31, 

35]. It has been speculated that WBP-2 plays role in transcription, but its exact function in stero-

id hormone receptor-dependent transcription has not been defined yet. Additionally, it has been 

suggested that YAP1 may also regulate transcription by acting as a coactivator for several tran-

scription factors but what role YAP1 plays in steroid hormone receptor-mediated gene transcrip-

tion remains unknown.  

 

WBP-2 as a Coactivator: WBP-2 is a 30 kDa protein that contains three proline-rich motifs 

known as PPXY motifs. WBP-2 was originally identified as a putative ligand that binds to the 

WW-domain of YAP1 with relatively high affinity and specificity. The PPXY motifs of WBP-2 are 

distinct from the PXXP ligand consensus sequence of Src homology domain 3 (SH3) domains 

[16, 31, 35]. The exact function of the WBP-2 and its PPXY motifs remain unknown. We cloned 

WBP-2 as an E6-AP interacting protein. Our data clearly demonstrate that WBP-2 can also inte-

ract with proteins that do not contain a WW-domain suggesting a new type of protein-protein 

interaction between PPXY motif containing protein and HECT (homologous to the E6-AP car-

boxy terminus) domain containing proteins [60, 61]. Additionally, we also found that WBP-2 

specifically directly interacts with ER and PR. Our observation that WBP-2 can interact with pro-

teins that do not contain WW-domain is also consistent with a previously published study that 

suggests WBP-2 interacts with the transcription factor Pax8 [14]. Previously, it has been sug-

gested that WBP-2 act as a transcriptional adaptor for Pax8 [14]. We have demonstrated a role 

for WBP-2 in steroid hormone receptor functions. We have shown that WBP-2 specifically en-

hances the hormone-dependent transcriptional activity of ER and PR suggesting that WBP-2 

can act as transcriptional coactivator of selected steroid hormone receptors. Furthermore, we 

have also demonstrated that the most carboxy terminal PPXY motif (cPPXY) of WBP-2 is re-

quired for its coactivation function, suggesting a role for the PPXY motif in transcription. Togeth-

er, our results indicate the role of WBP-2 as a coactivator in modulating ER and PR functions 

[12]. Previously, it has been postulated that the PPXY motif plays an important role in transcrip-

tional activation since the PPXY motif is present in the transcriptional activation domains of a 

wide range of transcription factors including c-Jun [62], AP-2 [63], NF-E2 [22], C/EBPá [64] and 

PEBP2/CBF [30]. Our data indicate a role for the PPXY motif and WBP-2 in ER and PR transac-

tivation.  
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WW-Domain Containing Proteins as Modulators of ER and PR Function: Specific protein-

protein interactions and multiprotein complexes are important for a multitude of cellular 

processes including gene transcription. As mentioned above that WBP-2 binds to proteins that 

contain WW-domain. WW-domains are small protein modules composed of 38-40 amino acids 

and fold as a stable, triple stranded beta-sheet [28, 31, 35]. Since, WW-domains bind to the 

PPXY motif and WBP-2 has been shown to contain PPXY motifs, an important step toward cha-

racterizing coactivation function of WBP-2 is to identify to which particular WW-domains it bind, 

and hence determine the mechanism by which it act as a coactivator and also find out with 

which signaling pathway it is involved. In order to identify the WW-domains that could interact 

with the WBP-2 protein, we utilized Panomics’ TranSignal WW-domain Array (Panomics Inc., 

CA, USA). This array contains 67 different human WW-domains from 42 different proteins. Our 

screening data suggest that WBP-2 interacts with a wide variety of WW-domain containing pro-

teins (please see preliminary data section) including YAP1, a transcriptional coactivator and 

WWOX1, a tumor suppressor. 

 

YAP1 was originally identified as a protein binding to the SH3 domain of the Yes proto-

oncogene product that belongs to the src family of protein-tyrosine kinases. YAP1 is a 65 kDa 

protein with a well characterized WW-domain [13]. Recently, a splicing variant that encodes 

human YAP with two WW-domains has been identified. YAP1 with a single WW-domain, known 

previously as human YAP, is renamed as YAP1 and the new YAP with two WW-domains is 

named as YAP2. The difference in the amino acid sequence between YAP1 and YAP2 is an 

insertion of the additional WW-domain in YAP2. YAP1 and 2 contain activation domain which is 

similar to VP-16 activation domain. Roles of YAP1 and 2 in transcription are not well defined 

[21]. Recently, YAP1 and YAP2 have been shown to be transcriptional coactivators for several 

genes but their transcriptional coactivation functions are dependent on PPXY motif containing 

proteins as in the case of ErbB4 (PPXY motif containing protein) signaling [21]. YAP1 and YAP2 

interact with ErbB4 and are recruited to its specific target gene promoter. It has been suggested 

that YAP2 is a stronger coactivator of transcription than YAP1. Furthermore, phosphorylation of 

YAP1 and YAP2 by specific kinases regulates their cellular distribution and transcriptional coac-

tivation functions. It is shown that Akt-dependent phosphorylation of YAP1 and YAP2 at Serine 

127 induces the interaction of YAP1 with 14-3-3 and promote YAP1 and YAP2 localization to 

the cytoplasm resulting in loss from the nucleus where they functions as coactivators of tran-

scription [65]. Our preliminary data also indicate a role for YAP1 in steroid hormone receptor-

mediated transactivation function. We show that YAP1 expression itself has no significant effect 

on ER and PR-mediated transcription [12], however, when YAP1 was coexpressed with WBP-2, 

it could selectively modulate ER and PR-dependent gene transcription. Furthermore, mutation 

(W199F) in the WW-domain of YAP1 abolishes its coactivation functions [21]. The coactivation 

function of YAP1 is strictly dependent on the PPXY motif of WBP-2.  

 

As mentioned above, in addition to YAP1, we have also identified another WW-domain contain-

ing protein, WWOX1 (a tumor suppressor) as a WBP-2 interacting protein in our WW-domain 

array. WWOX1 was originally cloned as a putative tumor suppressor gene that spans one of the 

most common active fragile sites in the human genome, FRA16D. WWOX1 is located on chro-

mosome 16q23.3 and exhibits genomic alterations in several cancer types and a recent study 

showed a possible involvement of methylation in the regulation of WWOX1 expression. WWOX1 

expression level is high in normal tissues; its expression is highest in hormonally regulated nor-
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mal tissues such as testis, prostate and ovary suggesting that WWOX1 may play an important 

role in hormone regulated cancers [32, 33, 66-71]. This suggestion is supported by the recent 

publications which show that WWOX1 expression is frequently altered in tumor tissues and in-

troduction of WWOX1 into WWOX1-negative breast and prostate tumor cells resulted in tumor 

suppression and apoptosis both in vitro and in vivo [72]. The WWOX1 contains two WW-

domains. The tandem WW-domains of WWOX1 play an important role in WWOX1 function. 

Both WW-domains of WWOX1 contain a central core of two consecutive aromatic amino acids 

and therefore belong to the class I specificity of domains, which recognize ligands with the 

PPXY consensus motif. Recent mapping of the WW-domain in the human proteome identified a 

repertoire of PPXY-containing ligands that bind to individual domains of WWOX1. The first WW-

domain of WWOX1 bound 18 and the second WW-domain bound 16 ligands, all with PPXY 

consensus. The mapping data clearly documented that although the second WW-domain of 

WWOX1 contains a tyrosine in the place of the second conserved tryptophan, the signature re-

sidue directly involved in ligand binding, the specificity of the "WY domain" toward PPXY core 

motif was not changed [33]. Previously, it has been shown that WWOX1 interacts with PPXY 

motif containing proteins, p73 and AP-2 and suppresses their transcriptional activities [36, 66, 

73, 74]. Most recently, it has been shown that WWOX1 interacts with another PPXY motif con-

taining protein, ErB-4 and compete with YAP1 for ErB-4 binding and suppress the coactivation 

functions of YAP1 [36]. Since, WWOX1 and YAP1 have the similar tandem WW-domains and 

both interact with common protein, WBP-2 but have different effects on transactivation, in this 

proposal, we will examine whether WWOX1 and YAP1 expression have opposite effects on ER 

and PR-dependent gene transcription.  

 

PPXY Motif and WW-Domain; Possible Function in Gene Regulation: Protein-protein inte-

raction modules are important for the proper signal transduction process in any cell. There are 

numerous such modules that mediate various processes from cell cycle progression to arrest 

and eventually apoptosis. One such module, the PPXY motif and WW-domain (PPXY-WW 

module) has gained prominence in the last decade. WW-domains mediate their interactions with 

proteins that contain a short PPXY motif. PPXY motif containing proteins essentially act as li-

gands for WW-domain containing proteins. Protein-protein interactions involving WW-domains 

and PPXY motif have been implicated in many diseases, including muscular dystrophy, Liddle’s 

syndrome, Alzheimer’s, Huntington disease and Cancers [16, 31, 35, 75].  

 

Many new roles of the PPXY motif and WW-domain in the nucleus and transcription are just 

emerging. It is interesting to note that the PPXY motif is found in the transcriptional activation 

domains of many transcription factors and mutations in the PPXY motif either reduce or abolish 

their transcriptional activities. This observation suggests that the PPXY motif plays a role in me-

diating transcription stimulation by interacting with WW-domain containing proteins which act as 

transcriptional coactivator. Since, the interaction between WW-domain and PPXY motif is highly 

specific, it suggests that PPXY-WW complex is a more specialized coactivator complex of a 

subset of transcription factors [16, 21, 31, 35, 75]. This suggestion was supported by our obser-

vation which shows that PPXY motif containing protein, WBP-2 and WW-domain containing pro-

tein, YAP1 specifically coactivate ER and PR-dependent transcription where as this protein 

complex has no significant effect on the transactivation functions of other receptors. In contrast 

to this complex, it has been shown that other transcriptional coactivator complexes such as 

CBP, SRC-1 and p/CAF (p300/CBP associated factor) coactivates the transcriptional activities 
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of a variety of receptors without exerting any specificity [6]. In addition to transcription stimula-

tion, the PPXY motif has also been shown to suppress transcription after interacting with certain 

WW-domain containing proteins. These observations suggest that PPXY-WW module is in-

volved in gene transcription but the actual mechanism by which PPXY-WW complex modulates 

transcription remains unknown. 
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Body 

In the original proposal, we proposed to dissect the role of WBP-2 in ER and PR signaling and 
breast tumorigenesis. 

Task 1. Expression analysis of endogenous WBP-2 protein  

Task 2. Role of PY motif containing protein, WBP-2 in ER and PR signaling  

Task 3. Role of WW-domain containing proteins, YAP and WWOX1 in SHR function  
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Task 1. Expression analysis of endogenous WBP-2 protein (Completed) 
 
In light of the recent modifications to the original proposal we have accommodated and updated 
this specific aim of the proposal. In the original proposal we intended to analyze only the ex-
pression profile of WBP-2 in various cancer cell lines and human breast tissue arrays. Our cur-
rent understanding is that YAP1 and WWOX1 may play vital 
roles in the regulations and function of WBP-2, furthermore 
YAP1 has been shown to be amplified in various breast cancers 
and intriguingly, WWOX1 has been show to be a potent tumor 
suppressor [74]. Given these interesting facts, we now propose 
to analyze the expression of WBP-2, YAP1 and WWOX1 in cor-
relation with the ER and PR expression status of various breast 
cancer cell lines as well as many breast tumor-arrays. This may 
shed some light on the complicity of WBP-2 function and the 
possible roles of YAP1 and WWOX1 in breast cancers. 
 
I. Endogenous expression of WBP-2, YAP1 and WWOX1 in breast cancer cell lines:  

In order to examine the endogenous expression of WBP-2, YAP1 and WWOX1 in breast cancer 
cell lines, we performed Western blot analysis. Our data show that WBP-2 and YAP1 expres-
sion is high in T47D cells compared to MCF-7 cells. On the contrary, the expression of WWOX1 
is high in MCF-7 cells compare to T47D cells 
(Fig. 1). 

II. Endogenous expression of WBP-2, YAP1 
and WWOX1 in breast tumor arrays:  

We have also performed Immunohistochemi-
stry (IHC) to examine the expression profile of 
WBP-2, YAP1 and WWOX1 proteins in normal 
and tumor breast tissues. Tissue Micro Arrays 

(TMAs) containing 4m thick, paraffin embed-
ded, formalin fixed breast tissue were ana-
lyzed for expression of ER, PR, WBP-2, 
WWOX1 and YAP1. TMAs were de paraffi-
nezed in xylene and rehyderated through 
graded alcohol. Antigens were retrieved 
through Citrate based buffer solutions and the 
endogenous peroxidase activity was quenched 
with 3% H2O2 in methanol. Tissue sections 
were blocked with 10% normal goat serum to 
block the non-specific immunoreactivity. Pri-
mary antibodies for ER, PR, WBP-2, WWOX1 
and YAP1 were applied at appropriate dilu-
tions. Biotinylated secondary antibodies were 
applied for binding to specific primary antibo-
dies. For visualization, we utilized Avidin Biotin 
Complex technique with 3, 3 Diamnobenzidine 
(DAB) for chromogenic reaction. Hematoxylin 
was used as counter stain. The slides were 
analyzed by an expert breast pathologist, Dr Mercy Jorda for tumor morphology and expression 

 

 

Fig. 2: Comparative expression analysis of WBP-
2, YAP-1, WWOX, ER and PR in normal and tu-
mor breast tissues 

Fig. 1: Relative expression 
levels of WBP-2, YAP1 and 
WWOX1 in MCF-7 and T47D 
cells  
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Fig. 3: WBP-2 and E6-AP co-precipitates with ER 

profile. Normal sections were used as control for tumor sections. Degree of staining intensity for 
each protein varied by tumor type in most of tumors. Tumor samples were both ER and PR 
negative or showed high expression of ER and PR. Most of the samples that were positive for 
WWOX1 were also positive for WBP-2. Furthermore, both proteins were localized in the cytop-
lasm. YAP1 was localized in the nucleus of normal duct and its expression was dense high. In 
cpntrast to normal, the expression of YAP1 
was cytoplasmic in tumors (Fig. 2). 
 
III. Correlation of statistical analysis of 
WBP-2, YAP1 and WWOX1: 
To examine the correlation among ER, PR, 
WBP-2, YAP1 and WWOX1, we applied 
Fisher Exact Test (Table 1). Pearson value 
for ER is significant while Pearson value for 
PR is not significant as is shown in the ta-
ble. High expression of ER is an early 
event in breast carcinogenesis while de-
crease of PR level is associated with breast 
cancer progression. Pearson value for 
WBP-2 and WWOX1 is highly significant.  While for YAP1 is not significant. The assessment of 
ER and PR status and its co regulators in tumors by immunohistochemistry analysis provides 
clinicians with important prognostic and diagnostic information, and helps predict the response 
to endocrine therapy. 

 

Task 2.  Role of PY motif containing pro-
tein, WBP-2 in ER and PR signaling 
(Completed) 

I. WBP-2 Interacts with ER and PR:  

We cloned WBP-2 as an E6-AP interacting 
protein in yeast two-hybrid screening system. E6-AP has been shown to act as a coactivator for 
steroid hormone receptors. To determine whether WBP-2 also interacts with steroid hormone 
receptors, we assayed WBP-2 binding to ER and PR in GST-pulldown assays. Our in vitro data 
suggest that WBP-2 specifically interact with ER and PR in the presence of hormone. In con-
trast, no interaction was observed between WBP-2 and other steroid receptors such as andro-
gen receptor (AR) and glucocorticoid receptor (GR). Since, WBP-2 could bind to ER in vitro, we 
assayed if WBP-2 could also interact with ER in vivo in the presence of hormone. In these as-
says, we also examine the interaction of E6-AP with ER as a control. Immunoprecipitation as-
says using MCF-7 cell lysates treated with no hormone (-H), estradiol (E2) or anti-estrogen, ta-
moxifen (T) showed that both cellular WBP-2 and E6-AP strongly interact with ER in the pres-
ence of estradiol (E2) (Fig. 3). However, a weak interaction of E6-AP, WBP-2 and ER was also 
observed in the absence of hormone (-H) or presence of tamoxifen (T). This observation is in 
agreement with our in vitro assays and furthermore, it suggests that WBP-2 and ER form a 
complex in vivo. 

II. WBP-2 Selectively Modulates the Transcriptional Activities of PR and ER:  

Since WBP-2 physically associates with ER and PR, we next tested whether WBP-2 regulates 
receptor-dependent activation of target gene expression using transient transfection assays in 
T47D (express endogenous PR) and MCF-7 (express endogenous ER) cells. T47D and MCF-7 
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cells were transiently transfected with proge-
sterone responsive reporter and estrogen 
responsive reporter plasmids respectively. 
These assays were carried out with or with-
out coexpression of WBP-2. WBP-2 had little 
effect on the transactivation functions of PR 
(T47D cells) and ER (MCF-7 cells) in the ab-
sence of hormone or presence of anti-
hormone. However, WBP-2 significantly en-
hanced the hormone-dependent transcriptional activities of PR and ER in T47D and MCF-7 
cells respectively (Fig. 4). Additionally, we also 
show that WBP-2 acts as a coactivator for endo-
genous ER target genes (data not shown). In con-
trast, WBP-2 had only minimal effect on the tran-
scriptional activities of other nuclear receptors and 
transcription factors. These data suggest that 
WBP-2 selectively modulates the ligand-dependent 
transcriptional activities of ER and PR. 

III. Depletion of Endogenous WBP-2 Levels Re-
duces the Transcriptional Activity of PR and ER:  

To confirm that WBP-2 is indeed required for ER 
activation, cellular WBP-2 expression was down 
regulated in ER-positive MCF-7 breast cancer 
cells. MCF-7 cells were transfected with two con-
trol siRNAs (siScrambled or siGAPDH) or WBP-2 
specific siRNA (siWBP-2). All of these siRNAs 
were purchased from Dharmacon. Cells were then 
treated with either vehicle or estradiol and expres-
sion of WBP-2 and expression of the endogenous 
estrogen-regulated gene, pS2 were measured by 
real time polymerase chain reaction (RT-PCR). 
The siWBP-2 selectively reduced the mRNA levels 
of WBP-2 suggesting that WBP-2 siRNA is effec-
tive (Fig. 5A). Furthermore, this reduction in WBP-
2 levels resulted in reduced mRNA levels of ER target gene, 
pS2 in the presence of estradiol. In contrast, hormone treat-
ment significantly induced the pS2 mRNA levels in cells that 
were transfected with either of the control siRNAs (siScram-
bled or siGAPDH) (Fig. 5B). This data suggest that WBP-2 is 
required for biological activity of ER in MCF-7 cells. Similarly, 
we also showed that WBP-2 is essential for PR transactiva-
tion. 

IV. Recruitment of WBP-2 onto an Estrogen-Responsive Pro-
moter in MCF-7 Cells:  

To further substantiate the coactivation function of WBP-2 for 
ER, we employed chromatin immunoprecipitaion (ChIP) analy-
sis to assay the recruitment of WBP-2 onto an ER-responsive 
promoter in MCF-7 cells. Formaldehyde crosslinked protein-chromatin complexes were immu-
noprecipitated using either anti-ER or anti-WBP-2 antibodies for MCF-7 cells that had been 

Fig. 5B: WBP-2 is required for ER target gene 
activation 

Fig. 5A: siWBP-2 specifically depletes WBP-2 

Fig. 6: WBP-2 is recruited to 
pS2 (ER target gene) promoter 

Fig. 4: WBP-2 specifically coactivates ER and PR 

T47D MCF-7 
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treated with or without estrogen. The precipitated genomic DNA associated with ER or WBP-2 
was amplified by polymerase chain reaction (PCR) using pri-
mers specific for estrogen receptor binding site within the pS2 
promoter. ChIP analyses demonstrated the recruitment of 
WBP-2 onto ER-responsive promoter in the presence of estra-
diol (E2) (Fig. 6A&B). Thus, as is the case for known ER coac-
tivators such as E6-AP, UbcH7 and SRC family members, 
WBP-2 is also recruited to ER target gene promoter in a hor-
mone-dependent manner. This assay demonstrates that WBP-
2 is recruited to an ER target gene promoter in a hormone-
dependent manner. 

V. The Carboxy-Terminal PPXY Motif (cPPXY) of WBP-2 is 
Required for Its Coactivation Function:  

WBP-2 contains three proline-rich motifs containing the con-
sensus sequence PPXY. The PPXY motifs are present in the 
transcriptional activation domains of several transcription fac-
tors, including c-Jun, AP-2, C/EBPα, NF-E2, KROX-20, 
MEF2B and PEBP2 suggesting that the PPXY motifs may 
play vital role in gene transcription. PPXY motifs in these pro-
teins have been previously shown to mediate protein-protein 
interactions and they represent potential transactivation do-
mains that could function by recruiting additional strong trans-
activators to the promoters of target genes. The PPXY motifs 
in WBP-2 are binding recognition sites for a subclass of WW-
domains present in certain other proteins. Since WBP-2 spe-
cifically enhances the transcriptional activities of ER and PR, 
we wished to determine whether the PPXY motifs of WBP-2 
are essential for its ability to modulate the transcriptional activi-
ty of these receptors. To this end, we mutated each of the 
three PPXY motifs of WBP-2 to AAXA (A: alanine) (Fig. 7A) 
and tested the ability of the mutant WBP-2 proteins to mod-
ulate PR transcriptional activity by transient transfection as-
says. Wild-type WBP-2 enhanced the transcriptional activity of 
PR in a hormone-dependent manner in transient transfection 
assays (Fig. 7B). The WBP-2 proteins that contained mutations in either PPXY motif 1 or PPXY 
motif 2 were also able to enhance PR activity, suggesting that PPXY motifs 1 and 2 of WBP-2 
are not essential for its coactivation functions (data not shown). In contrast, a WBP-2 protein 
that contained mutations in the cPPXY of WBP-2 failed to coactivate the transcriptional activity 
of PR, suggesting that this cPPXY (PY3mutant) of WBP-2 is required for its transcriptional func-
tion (Fig. 7B). Identical results were obtained with ER (data not shown). To confirm that the loss 
of coactivation function in the cPPXY mutant WBP-2 was not due to the loss of expression of 
the mutant WBP-2, we analyzed the expression of mutant WBP-2 by Western blot analysis. Fig. 
7C demonstrates that both the wild-type and cPPXY mutant WBP-2 protein (PY3mutant) are 
expressed at approximately equal levels. To further ascertain that this loss of coactivation func-
tion of the cPPXY mutant WBP-2 is not due to its lack of interaction with the receptor, we also 
analyzed the interaction between wild-type WBP-2 and cPPXY mutant WBP-2 with ER in GST-
pulldown assays. As shown in Fig. 7D, both wild-type WBP-2 and cPPXY mutant WBP-2 inte-
ract with ER in a hormone-dependent manner suggesting that loss of coactivation function of 
mutant WBP-2 is not due to loss of its interaction with receptor. Taken together these results 
suggest that the cPPXY of WBP-2 protein act as an activation domain and is critical for its ability 

Fig. 7A: Schematic showing 
WBP-2 mutations 

Fig. 7B: cPPXY motif (PY3) of 
WBP-2 is required for its coactiva-
tion function 

Fig. 7C: cPPXY motif mutant 
WBP-2 is functionally inactive 

Fig. 7D: cPPXY motif mutant 
WBP-2 can interact with ER 
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to enhance PR and ER-mediated transcription and that cPPXY is not the site of receptor bind-
ing. 

VI. Coactivation Function of WBP-2 is Independent 
of E6-AP:   

Since E6-AP interacts with WBP-2, we also ex-
amined the ability of WBP-2 to function as an ER or 
PR coactivator in the absence of E6-AP. Towards 
this end, we utilized E6-AP knockout mouse em-
bryonic fibroblast (KO MEF) cells derived from E6-
AP KO animals. E6-AP (-/-) cells was transiently 
cotransfected with a PR expression plasmid and its 
reporter plasmid, along with either control or WBP-2 
expression plasmids. Cells were then treated with 
ethanol (control) or progesterone. In the absence of E6-AP, 
WBP-2 maintained the ability to coactivate PR functions in 
E6-AP KO cell line (Fig. 8). Identical results were obtained 
with ER (data not shown). This data suggests that while 
WBP-2 can bind E6-AP, the coactivation function of WBP-2 
is not dependent on E6-AP expression. 

VII. The Carboxy-Terminal PPXY Motif (cPPXY) of WBP-2 is 
an Integral Part of Its Intrinsic Activation Function:  

Authentic steroid hormone receptor coactivators often contain intrinsic transcription activation 
domains. To ascertain whether WBP-2 possesses an intrinsic transferable activation domain, 
wild-type WBP-2 and cPPXY mutant WBP-2 (coactivation deficient) were fused to GAL4-DNA 
binding domain. The ability of these fusion proteins to function as transcription activation do-
mains was assayed using a GAL4-responsive reporter. In these experiments we utilized GAL4-
SRC-1, a well characterized steroid hormone receptor coactivator as positive control. GAL4-
WBP-2 (wild-type) was able to stimulate the transcriptional activity of the reporter gene to a 
greater extent than the vector containing only the GAL4 DNA-binding domain, whereas the ac-
tivity of the coactivation deficient mutant WBP-2 (cPPXY mutant) was significantly reduced 
compared to that of wild-type WBP-2 (Fig. 9). These data suggest that cPPXY motif of WBP-2 is 
essential for its coactivation and intrinsic activation functions and most likely acts as activation 
domain. 

 

Task 3.  Role of WW-domain containing proteins, YAP and WWOX1 in SHR func-
tion (Completed). 
 
I. Identification of WBP-2 Binding Proteins:  

Specific protein-protein interactions and multiprotein complexes are 

important for a multitude of cellular processes including gene tran-

scription. As mentioned above WBP-2 via its PPXY motifs binds to 

proteins that contain WW-domain. WW-domains are found in both 

cytoplasmic and nuclear proteins, WW-domains containing proteins 

are involved in ubiquitination, nuclear signaling, cell cycle control, 

transcriptional regulation and the recruitment of signaling proteins. 

Since, WW-domains bind to the PPXY motif and WBP-2 has been 

shown to contain PPXY motifs, an important step toward characteriz-

Fig. 8: WBP-2 coactivation function is inde-
pendent of E6-AP 

Fig. 9: WBP-2 has intrinsic activa-
tion domain 

Fig. 10A: WBP-2 interact 
with YAP1 and WW-
domain 1 of WWOX1 pro-
tein 
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ing coactivation function of WBP-2 is to identify a WW-domain containing protein that binds to 

WBP-2, this will be helpful in determining the mechanism by which WBP-2 act as a coactivator. 

In order to identify the possible WW-domain containing proteins that could interact with the 

WBP-2 protein, we utilized Panomics’ TranSignal WW-domain Array (Panomics Inc., CA, USA). 

This array contains 67 different human WW-domains from 42 different proteins. The array was 

made using the recombinant conserved binding sites of individual WW-domains fused with 

GST. Proteins were affinity purified and immobilized onto a membrane. Each WW-domain is 

spotted in duplicate. In order to identify the WW-domain(s) that interact with WBP-2, the full-

length wild-type WBP-2 protein containing flag tag was expressed in bacteria. Afterward, purifi-

cation of WBP-2 protein on flag beads, the WBP-2 protein was incubated with TranSignal WW-

domain Array membranes. The protein-protein interaction was visualized by using HRP-based 

chemiluminescence detection. The resulting interacting proteins have been tabulated in Table-2. 

Our screening data suggest that WBP-2 interacts with a wide variety of WW-domain containing 

proteins including YAP1, a transcriptional coactivator and WWOX1, a tumor suppressor (Fig. 

10A).  

 

Table 2 List of WBP-2 interacting proteins 

Gene Symbol 
WW-
domain(s) 

Interaction Protein name Function 

SMURF1 D1 
D2 

- 
+ 

 E3 ubiquitin li-
gase 

SMURF2 D1 
D2 

- 
+ 

 E3 ubiquitin li-
gase 

WWP1 D1 
D2 
D3 
D4 

++ 
++ 
++ 
++ 

WW-domain contain-
ing protein 1 

Nedd-4-like ubi-
quitin protein li-
gase 

NEDD4 D1 
D2 
D3 
D4 

++ 
++ 
++ 
++ 

Neuronal precursor 
cell-expressed deve-
lopmentally downre-
gulated 4 

Ubiquitin protein 
ligase 

Caveolin-3  +  Membrane pro-
tein 

PABPN1  + Poly(A)-binding pro-
tein 

 

GAS7  + Growth-arrest specific 
7 isoform b 

 

YAP  ++ yes-associated pro-
tein  

Transcriptional 
Coactivator 

BAIAP1 D1 
D2 

- 
+ 

Membrane asso-
ciated guanylaste ki-
nase-1 

 

ITCH D1 
D2 
D3 
D4 

+ 
+ 
+ 
+ 

Atropin-1 interacting 
protein 4 

E3 ubiquitin li-
gase 

TAZ  ++ Transcriptional co-
activator with PDZ 
domain 

Transcriptional 
coactivator 
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WWOX1 D1 
D2 

++ 
-/+ 

WW-domain contain-
ing oxidoreductase, 
isoform 1 

Tumor suppres-
sor 

APBB3  + FE65-like protein  

 
 

II. PY3 motif of WBP-2 is essential for its interaction with YAP1:  
Initially, Sudol et al, identified WBP-2 as a binding partner for YAP1 
using a functional screen. Our WW-domain array also confirms this 
observation that WBP-2 interacts with YAP1. Next we wanted to 
know if this interaction is mediated by the PY motif of WBP-2 and the 
WW-domain of YAP. For this purpose we used both wild-type and 
coactivation function-dead PY3 motif mutant of WBP-2 in GST pull-
down assays. Fig. 10B, demonstrates that while the wild-type WBP-
2 was able to interact with YAP1, mutation of the PY3 motif of WBP-
2 completely abrogated this interaction. Together with our previous 
observations, we concluded that the PY3 motif of WBP-2, though not 
essential for its interaction with the receptors was indispensible for 
its interaction with the WW-domain containing protein YAP1. 

 
III. The WW-Domain Containing Protein, YAP1, Modulates Progesterone Receptor Transcrip-

tional Activity via the WBP-2 Protein:  

Since, WBP-2 binds to the WW-domain containing 

protein, YAP1 and YAP1 has been shown to be a 

transcriptional coactivator. Thus, we wanted to know 

whether YAP1 modulates steroid receptor-dependent 

target gene expression. To determine the role of 

YAP1 in steroid hormone receptor transactivation, 

HeLa cells were co-transfected with mammalian ex-

pression plasmids for PR and ER receptors along 

with reporter plasmids containing their cognate hor-

mone response element, with or without an expres-

sion vector for YAP1. YAP1 alone did not affect PR-

mediated transactivation either in the absence or 

presence of hormone. In contrast, when YAP1 was coexpressed with WBP-2 the hormone-

dependent transcriptional activity of PR was significantly enhanced (~24-fold) (Fig. 11). Similar-

ly, YAP1 alone did not activate the ER-mediated transactivation but when co-expressed with 

WBP-2 enhanced ER-mediated transactivation (data not shown). This activity was higher than 

the observed coactivation with WBP-2 alone (Fig. 11). These data suggest that YAP1 can 

modulate the ligand-dependent transcriptional activity of PR and ER but only via WBP-2. 

The PPXY motifs of WBP-2 have been shown to interact with the WW-domain of YAP1. Since 

our data revealed that the cPPXY of WBP-2 was required for its coactivation function, we next 

asked whether the cPPXY of WBP-2 is required for YAP1 to function as a coactivator for ER 

and PR. When coexpressed, wild-type WBP-2 and wild-type YAP1 greatly enhanced the trans-

activation function of PR (Fig. 11). In contrast, the cPPXY mutant WBP-2 and wild-type YAP1 

also failed to enhance the transcriptional activity of PR (Fig. 11). Our data demonstrate that the 

cPPXY motif of the WBP-2 protein is required for YAP1 to function as a transcriptional second-

ary coactivator. This data is consistent with previously published reports that YAP1 stimulates 

Fig. 10B: The PPXY motif 
of WBP-2 is essential for 
interaction with YAP1 

Fig. 11: YAP coactivation function is 
dependent on the PY motif of WBP-2 
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gene transcription by binding to the PPXY motif of ErbB4 protein. In order to determine whether 

the WW-domain of YAP1 is required for its transcriptional coactivator function, a WW-domain 

mutant (W199F) was utilized. This YAP1 mutant has been shown to be inactive in its ability to 

bind to PPXY motif. When coexpressed, wild-type WBP-2 and WW-domain mutant YAP1, the 

WW-domain mutant YAP1 fail to act as a coactivator (data not shown). These data suggest that 

WW-domain of YAP1 is required for it to function as a transcriptional coactivator. In summary, 

our data substantiate the role of WBP-2 (contains PPXY motif) and YAP1 (contains WW-

domain) in female steroid hormone receptor function. Based on our data, we postulate that the 

cPPXY motif of WBP-2 binds to the WW-domain of YAP1 and recruits YAP1 to the target gene 

promoter by interacting with receptor. When the receptor-WBP-2-YAP1 complex is recruited to 

hormone responsive promoters, it acts at one of the many substeps required to modulate the 

transactivation functions of ER and PR- responsive target genes. 

 

IV. YAP1 Enhances Endogenous Estrogen Receptor Target Gene Activation via the WBP-2 

Protein: 

To further substantiate that YAP1 and WBP-2 syner-

gistically enhance ER and PR transactivation func-

tions as observed by reporter gene assays, we per-

formed real-time PCR (QPCR) analysis of ER target 

gene pS2 in MCF-7 cells. MCF-7 cells were co-

transfected with either control plasmid or expression 

plasmids of wild-type WBP-2, PY3 motif mutant WBP-

2, and wild-type YAP alone or in combination. Cells 

were treated with either vehicle or estradiol (E2)
 and 

expression of estrogen-regulated gene, pS2 was 

measured by QPCR. As control, we also examined 

the mRNA levels of ER, WBP-2 and YAP1. There 

was no change observed in ER mRNA levels (data 

not shown) whereas, the mRNA levels of exogenous-

ly expressed WBP-2 (wild-type and PY3 mutant) and 

wild-type YAP1 were significantly increased in cells 

that were transfected with their expression plasmid 

compared to that of cells transfected with control 

plasmids (Fig. 12A). As shown in Fig. 12, WBP-2 

enhanced the relative mRNA levels of ER target 

gene, pS2 in the presence of estradiol but YAP1 

alone showed no enhancement. Whereas, when YAP1 was coexpressed with wild-type WBP-2, 

the hormone-dependent transcriptional activity of ER was synergistically enhanced, more than 

that observed with WBP-2 alone (Fig. 12B Furthermore, this synergistic enhancement of pS2 

relative mRNA levels was not observed when YAP1 was co-expressed with the PY3 motif mu-

tant WBP-2. Taken together, both our reporter gene assays and endogenous target gene as-

says demonstrate that YAP1 can function as a secondary transcriptional coactivator (co-

coactivator) of ER in a WBP-2 dependent manner (Fig. 12B).  

 

V. Estrogen induces association of ER with WBP-2 and YAP1 at ER responsive gene promoter: 

Fig. 12: A. WBP-2 and YAP1 mRNA expres-
sion levels after transfection. B.  YAP-
mediated coactivation of endogenous ER 
target gene, pS2. 
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Since WBP-2 and YAP1 interact with each other and 

synergistically enhance ER transactivation functions, 

we next investigated the recruitment of WBP-2 and 

YAP1 to ER responsive gene promoters by quantita-

tive chromatin immunoprecipitation (ChIP) assays. 

YAP has been shown to be a potential transcriptional 

coactivator of various other transcription factors in-

cluding p73 and RUNX2. We demonstrated previously 

the hormone dependent recruitment of WBP-2 to the 

ER responsive pS2 promoter by classical ChIP as-

says in MCF-7 cells. To further investigate the as-

sociation of ER with WBP-2 and YAP1 at ER res-

ponsive pS2 promoter we performed quatitative re-

ChIP assays in MCF-7 cells. Cross-linked and sheared DNA-protein complexes from MCF-7 

cells were immunoprecipitated with either non-specific purified IgG (Mock) or ER-specific anti-

body. After immunoprecipitation the cross-linked immunocomplexes from each of the primary 

ChIPs were eluted and subjected to another round of immunoprecipitation with antibodies spe-

cific for WBP-2 or YAP1. The immunocomplexes after re-ChIP were eluted, reverse cross-linked 

and the associated genomic DNA fragments were analyzed by QPCR with pS2 promoter specif-

ic primers. We observed that in ER/WBP-2 ChIP assays where ER antibody was used in the 

first ChIP and WBP-2 specific antibody was used in the re-ChIP, there was a significant enrich-

ment in E2-induced association of WBP-2 with ER in comparison with the mock ChIP (IgG/WBP-

2) as given by the increased association of pS2 promoter locus in QPCR assays (Fig. 6). Similar 

results were observed with ER/YAP1 ChIP when compared to its mock (IgG/YAP1) ChIP (Fig. 

13). These observations suggest that WBP-2 and YAP1 (as separate entities) are recruited to 

and are associated with ER at the pS2 promoter locus in an estrogen dependent manner.  

 

VI. Estrogen-induced recruitment of WBP-2 and YAP onto ER responsive pS2 promoter is mu-

tually interdependent: 

Our initial observations showed that YAP1 acts as a 

secondary coactivator of ER only when co-expressed 

with WBP-2. We also show that estrogen enhances 

the recruitment of YAP1 to ER responsive pS2 pro-

moter. To test further if the recruitment of YAP1 is al-

so dependent on WBP-2, we performed quantitative 

re-ChIP assays as described above in MCF-7 cells 

that were treated with siRNAs against YAP1 and 

WBP-2. As control in these assays, MCF-7 cells 

were treated with a non-specific scrambled siR-

NA. In cells treated with non-specific scrambled 

siRNA, estrogen-induced association of ER with 

WBP-2 (ER/WBP-2) and YAP1 (ER/YAP1) were consistent with our earlier observations when 

compared to their respective mock ChIP assays.  Whereas in cells treated with siRNA against 

WBP-2, the E2-induced enhancement of association of YAP1 with ER was completely lost, sug-

gesting that the recruitment and association of YAP1 with ER at the pS2 promoter locus is de-

pendent on the normal endogenous expression levels of WBP-2. Interestingly, the converse re-

Fig. 13: WBP-2 and YAP are associated 

with ER at the pS2 promoter in an estro-
gen dependent manner. 
 

Fig. 14: Estrogen dependent recruitment and 

association of WBP-2 with ER is dependent on 
YAP, and vise versa. 
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lationship also holds true, where the association of WBP-2 with ER and its recruitment to the 

pS2 promoter locus was abolished in cells that were treated with siRNA against YAP1 (Fig. 14). 

These observations suggest an intriguing possibility where the recruitment of WBP-2 and YAP1 

to the pS2 promoter locus and their association with ER may be mutually interdependent of their 

normal physiological expression levels in MCF-7 cells. 

 

VII. WWOX1 suppresses the transcriptional 

coactivation functions of WBP-2 and YAP1: 

As mentioned above, we have also identified 

another WW-domain containing protein, WWOX1 

as a WBP-2 interacting protein in our WW-domain 

array. WWOX1 interacts with WBP-2 via its first 

WW-domain. WWOX1 was originally cloned as a 

putative tumor suppressor gene and it has been 

suggested that WWOX1 may play an important role 

in hormone regulated cancers [32, 33, 70, 78, 79]. 

Previously, it has been shown that WWOX1 inte-

racts with PPXY motif containing proteins, p73 and AP-2 and suppresses their transcriptional 

activities. Most recently, it has been shown that WWOX1 interacts with another PPXY motif con-

taining protein, ErB-4 and compete with YAP1 for ErB-4 binding and suppress the coactivation 

functions of YAP1 [74]. Since, WWOX1 and YAP1 have the similar tandem WW-domains and 

both interact with common protein, WBP-2; we ask whether WWOX1 and YAP1 expression 

have opposite effects on ER and PR-dependent gene transcription. To determine the role of 

WWOX1 in steroid hormone receptor transactivation, MCF-7 cells were co-transfected with ER-

responsive reporter plasmid along with expression vectors for either WBP-2, YAP1, and 

WWOX1, WBP-2 and WWOX1 or WBP-2, YAP1 and WWOX1. As shown before, WBP-2 coac-

tivates the transactivation functions of ER. Furthermore, YAP1 and WWOX1 alone had no sig-

nificant effect on ER function. But when YAP1 was coexpressed with WBP-2 the hormone-

dependent transcriptional activity of ER was synergistically enhanced (Fig. 15). In contrast, ex-

pression of WWOX1 significantly reduced the coactivation functions of WBP-2. Similarly, 

WWOX1 also significantly suppressed WBP-2-YAP1-mediated transcriptional activities of ER 

and PR in a dose-dependent manner (Fig. 15). To determine whether the WW-domain of 

WWOX1 is required for its transcriptional suppression function, a WW-domain mutant was uti-

lized in which the tryptophan 33 within WW-domain 1 was mutated to arginine. This WWOX1 

mutant has been shown to be inactive in its ability to bind to PPXY motif. When coexpressed 

along with wild-type WBP-2 and wild-type YAP1, this mutant had no significant effect on WBP-2 

and YAP1’s coactivation functions (Data not shown). Identical results were obtained with PR 

(data not shown). These data indicate that the coactivation functions of WBP-2 and YAP1 are 

suppressed by WWOX1, suggesting that WWOX1 may regulates the transactivation functions of 

ER and PR by antagonizing the functions of WBP-2 and YAP1.  

Fig. 15: WWOX1 represses the coactivation 
functions of WBP-2 and YAP 
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Key Research Accomplishments 

 Characterized WBP-2 as a coactivator of ER and PR 

 Identified and cloned YAP1 and WWOX1 as WBP-2 interacting proteins 

 Characterized YAP1 as a secondary coactivator of ER and PR that is strictly dependent 
of WBP-2 

 Showed that WW-domain of YAP and the PY motif of WBP-2 are essential for their 
coactivation functions 

 Established that estrogen-dependent recruitment and association of WBP-2 with ER is 
dependent on YAP1, and vice versa 

 Established that WWOX1 may act as a transcriptional repressor of WBP-2 and YAP1 

 WBP-2 and YAP-1 expression is altered in breast tumors 

Accomplishment of Specific Tasks 

 Expression analysis of endogenous WBP-2 protein (Accomplished) 

 Role of PY motif containing protein, WBP-2 in ER and PR signaling (Accom-
plished) 

 Role of WW-domain containing proteins, YAP and WWOX1 in SHR function (Ac-
complished) 

Key Training  Accomplishments 

 At the University of Miami Sylvester Comprehensive Cancer Center, I have re-
ceived training in the area of breast cancer which will help me to become inde-
pendent researcher in the area of breast cancer.   

 I have attended seminars, lectures and meeting in the area of breast cancer. I at-
tended the weekly lab group meeting and weekly summary groups meetings. I 
also attended the monthly Breast Cancer Research group meeting. 

 I have successfully completed my Ph. D. degree from the University of Miami. 

 Currently, I am working as a Postdoctoral Fellow in the Laboratory of Cancer Bi-
ology and Genetics at National Cancer Institute. 

Reportable Outcomes 

1. The first part of the this work has been published “Dhananjayan, S.C., et al., WW Do-
main Binding Protein-2, an E6-Associated Protein Interacting Protein, Acts as a Coacti-
vator of Estrogen and Progesterone Receptors. Mol Endocrinol, 2006. 20(10): p. 2343-
2354” (Please refer to previous Annual Report).  
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2. The second part of this report has been presented at the Annual Endocrine Society 
Meeting, ENDO 2007 (June 2-5th), in Toronto, Canada (Please refer to previous Annual 
Report). 

3. The manuscript describing the expression profile of WBP-2, YAP-1 and WWOX in breast 
tumors is under preparation. 

Conclusions 

Our data demonstrates that WBP-2 is recruited onto the hormone responsive promoters in the 
presence of hormone and it specifically enhances the transactivation functions of PR and ER. 
Our data also demonstrates that WBP-2 contains an intrinsic activation domain and the cPPXY 
of WBP-2 is essential for its coactivation and intrinsic activation functions. Our preliminary data 
also demonstrates that the WBP-2 binding protein, YAP1 enhances PR and ER transactivation 
but YAP1’s coactivation function is absolutely dependent on WBP-2. Furthermore, cPPXY motif 
of WBP-2 and WW-domain of YAP1 is required for YAP1 to work as a transcriptional coactiva-
tor. Additionally, our data also indicate that the coactivation functions of WBP-2 and YAP1 are 
suppressed by WWOX1, suggesting that WWOX1 may regulates the transactivation functions of 
ER and PR by antagonizing the functions of WBP-2 and YAP1 (Fig. 16). Taken together our da-
ta established the role of WBP-2 and YAP1 as coactivators and WWOX1 as a repressor for ER 
and PR transactivation pathways. We also show that the expression levels and pattern of WBP-
2 and YAP-1 are altered in human breast tumors. Furthermore, the training I received will help 
me to become independent researcher in the area of breast cancer. 

 

Fig. 16: Proposed model for the role of WW-domain containing proteins, YAP and 
WWOX1 in WBP-2-mediated ER and PR signaling 

 



20 

References 
 

1.  Edwards, D.P., The role of coactivators and corepressors in the biology and mechanism 

of action of steroid hormone receptors. J Mammary Gland Biol Neoplasia, 2000. 5(3): p. 

307-24. 

2.  Eelen, G., et al., Vitamin D analogs and coactivators. Anticancer Res, 2006. 26(4A): p. 

2717-21. 

3.  Gao, X., B.W. Loggie, and Z. Nawaz, The roles of sex steroid receptor coregulators in 

cancer. Mol Cancer, 2002. 1: p. 7. 

4.  Gao, X. and Z. Nawaz, Progesterone receptors - animal models and cell signaling in 

breast cancer: Role of steroid receptor coactivators and corepressors of progesterone 

receptors in breast cancer. Breast Cancer Res, 2002. 4(5): p. 182-6. 

5.  Li, X., D.M. Lonard, and B.W. O'Malley, A contemporary understanding of progesterone 

receptor function. Mech Ageing Dev, 2004. 125(10-11): p. 669-78. 

6.  Lonard, D.M. and B.W. O'Malley, The expanding cosmos of nuclear receptor coactiva-

tors. Cell, 2006. 125(3): p. 411-4. 

7.  Mahajan, M.A. and H.H. Samuels, Nuclear hormone receptor coregulator: role in hor-

mone action, metabolism, growth, and development. Endocr Rev, 2005. 26(4): p. 583-

97. 

8.  Nawaz, Z. and B.W. O'Malley, Urban renewal in the nucleus: is protein turnover by pro-

teasomes absolutely required for nuclear receptor-regulated transcription? Mol Endocri-

nol, 2004. 18(3): p. 493-9. 

9.  Nishihara, E., B.W. O'Malley, and J. Xu, Nuclear receptor coregulators are new players 

in nervous system development and function. Mol Neurobiol, 2004. 30(3): p. 307-25. 

10.  Nawaz, Z., et al., The Angelman syndrome-associated protein, E6-AP, is a coactivator 

for the nuclear hormone receptor superfamily. Mol Cell Biol, 1999. 19(2): p. 1182-9. 

11.  McKenna, N.J., et al., Nuclear receptor coactivators: multiple enzymes, multiple com-

plexes, multiple functions. J Steroid Biochem Mol Biol, 1999. 69(1-6): p. 3-12. 

12.  Dhananjayan, S.C., et al., WW Domain Binding Protein-2, an E6-Associated Protein In-

teracting Protein, Acts as a Coactivator of Estrogen and Progesterone Receptors. Mol 

Endocrinol, 2006. 20(10): p. 2343-2354. 

13.  Chen, H.I. and M. Sudol, The WW domain of Yes-associated protein binds a proline-rich 

ligand that differs from the consensus established for Src homology 3-binding modules. 

Proc Natl Acad Sci U S A, 1995. 92(17): p. 7819-23. 

14.  Nitsch, R., et al., WBP-2, a WW domain binding protein, interacts with the thyroid-

specific transcription factor Pax8. Biochem J, 2004. 377(Pt 3): p. 553-60. 

15.  Pirozzi, G., et al., Identification of novel human WW domain-containing proteins by clon-

ing of ligand targets. J Biol Chem, 1997. 272(23): p. 14611-6. 

16.  Sudol, M., et al., Characterization of a novel protein-binding module--the WW domain. 

FEBS Lett, 1995. 369(1): p. 67-71. 

17.  Guillebault, D., et al., Role of nuclear WW domains and proline-rich proteins in dinofla-

gellate transcription. Protist, 2001. 152(2): p. 127-38. 

18.  Helton, E.S., J. Zhu, and X. Chen, The unique NH2-terminally deleted (DeltaN) residues, 

the PXXP motif, and the PPXY motif are required for the transcriptional activity of the 

DeltaN variant of p63. J Biol Chem, 2006. 281(5): p. 2533-42. 



21 

19.  Ingham, R.J., et al., WW domains provide a platform for the assembly of multiprotein 

networks. Mol Cell Biol, 2005. 25(16): p. 7092-106. 

20.  Irie, T., et al., Budding of PPxY-containing rhabdoviruses is not dependent on host pro-

teins TGS101 and VPS4A. J Virol, 2004. 78(6): p. 2657-65. 

21.  Komuro, A., et al., WW domain-containing protein YAP associates with ErbB-4 and acts 

as a co-transcriptional activator for the carboxyl-terminal fragment of ErbB-4 that trans-

locates to the nucleus. J Biol Chem, 2003. 278(35): p. 33334-41. 

22.  Mosser, E.A., et al., Physical and functional interactions between the transactivation 

domain of the hematopoietic transcription factor NF-E2 and WW domains. Biochemistry, 

1998. 37(39): p. 13686-95. 

23.  Strano, S., et al., Physical interaction with Yes-associated protein enhances p73 tran-

scriptional activity. J Biol Chem, 2001. 276(18): p. 15164-73. 

24.  Bedford, M.T., D.C. Chan, and P. Leder, FBP WW domains and the Abl SH3 domain 

bind to a specific class of proline-rich ligands. Embo J, 1997. 16(9): p. 2376-83. 

25.  Bedford, M.T., et al., A novel pro-Arg motif recognized by WW domains. J Biol Chem, 

2000. 275(14): p. 10359-69. 

26.  Kanai, F., et al., TAZ: a novel transcriptional co-activator regulated by interactions with 

14-3-3 and PDZ domain proteins. Embo J, 2000. 19(24): p. 6778-91. 

27.  Macias, M.J., et al., Structure of the WW domain of a kinase-associated protein com-

plexed with a proline-rich peptide. Nature, 1996. 382(6592): p. 646-9. 

28.  Otte, L., et al., WW domain sequence activity relationships identified using ligand recog-

nition propensities of 42 WW domains. Protein Sci, 2003. 12(3): p. 491-500. 

29.  Pereboev, A.V., et al., Epitopes in the interacting regions of beta-dystroglycan (PPxY 

motif) and dystrophin (WW domain). Biochim Biophys Acta, 2001. 1527(1-2): p. 54-60. 

30.  Yagi, R., et al., A WW domain-containing yes-associated protein (YAP) is a novel tran-

scriptional co-activator. Embo J, 1999. 18(9): p. 2551-62. 

31.  Sudol, M., et al., WW or WoW: the WW domains in a union of bliss. IUBMB Life, 2005. 

57(12): p. 773-8. 

32.  Ludes-Meyers, J.H., et al., WWOX, the common chromosomal fragile site, FRA16D, 

cancer gene. Cytogenet Genome Res, 2003. 100(1-4): p. 101-10. 

33.  Ludes-Meyers, J.H., et al., WWOX binds the specific proline-rich ligand PPXY: identifica-

tion of candidate interacting proteins. Oncogene, 2004. 23(29): p. 5049-55. 

34.  Kato, Y., et al., Common mechanism of ligand recognition by group II/III WW domains: 

redefining their functional classification. J Biol Chem, 2004. 279(30): p. 31833-41. 

35.  Sudol, M. and T. Hunter, NeW wrinkles for an old domain. Cell, 2000. 103(7): p. 1001-4. 

36.  Aqeilan, R.I., et al., WW domain-containing proteins, WWOX and YAP, compete for inte-

raction with ErbB-4 and modulate its transcriptional function. Cancer Res, 2005. 65(15): 

p. 6764-72. 

37.  Ozawa, H., Steroid Hormones, their receptors and neuroendocrine system. J Nippon 

Med Sch, 2005. 72(6): p. 316-25. 

38.  Shupnik, M.A., Crosstalk between steroid receptors and the c-Src-receptor tyrosine ki-

nase pathways: implications for cell proliferation. Oncogene, 2004. 23(48): p. 7979-89. 

39.  Walters, M.R. and I. Nemere, Receptors for steroid hormones: membrane-associated 

and nuclear forms. Cell Mol Life Sci, 2004. 61(18): p. 2309-21. 

40.  Clarke, R.B., E. Anderson, and A. Howell, Steroid receptors in human breast cancer. 

Trends Endocrinol Metab, 2004. 15(7): p. 316-23. 



22 

41.  Norman, A.W., M.T. Mizwicki, and D.P. Norman, Steroid-hormone rapid actions, mem-

brane receptors and a conformational ensemble model. Nat Rev Drug Discov, 2004. 

3(1): p. 27-41. 

42.  Lange, C.A., Making sense of cross-talk between steroid hormone receptors and intra-

cellular signaling pathways: who will have the last word? Mol Endocrinol, 2004. 18(2): p. 

269-78. 

43.  Onate, S.A., et al., Sequence and characterization of a coactivator for the steroid hor-

mone receptor superfamily. Science, 1995. 270(5240): p. 1354-7. 

44.  Ding, X.F., et al., Nuclear receptor-binding sites of coactivators glucocorticoid receptor 

interacting protein 1 (GRIP1) and steroid receptor coactivator 1 (SRC-1): multiple motifs 

with different binding specificities. Mol Endocrinol, 1998. 12(2): p. 302-13. 

45.  Voegel, J.J., et al., TIF2, a 160 kDa transcriptional mediator for the ligand-dependent 

activation function AF-2 of nuclear receptors. Embo J, 1996. 15(14): p. 3667-75. 

46.  Anzick, S.L., et al., AIB1, a steroid receptor coactivator amplified in breast and ovarian 

cancer. Science, 1997. 277(5328): p. 965-8. 

47.  Chen, H., et al., Nuclear receptor coactivator ACTR is a novel histone acetyltransferase 

and forms a multimeric activation complex with P/CAF and CBP/p300. Cell, 1997. 90(3): 

p. 569-80. 

48.  Li, H., P.J. Gomes, and J.D. Chen, RAC3, a steroid/nuclear receptor-associated coacti-

vator that is related to SRC-1 and TIF2. Proc Natl Acad Sci U S A, 1997. 94(16): p. 

8479-84. 

49.  Takeshita, A., et al., TRAM-1, A novel 160-kDa thyroid hormone receptor activator mole-

cule, exhibits distinct properties from steroid receptor coactivator-1. J Biol Chem, 1997. 

272(44): p. 27629-34. 

50.  Smith, C.L., et al., CREB binding protein acts synergistically with steroid receptor coacti-

vator-1 to enhance steroid receptor-dependent transcription. Proc Natl Acad Sci U S A, 

1996. 93(17): p. 8884-8. 

51.  Chen, S.L., et al., The coactivator-associated arginine methyltransferase is necessary 

for muscle differentiation: CARM1 coactivates myocyte enhancer factor-2. J Biol Chem, 

2002. 277(6): p. 4324-33. 

52.  Chen, D., S.M. Huang, and M.R. Stallcup, Synergistic, p160 coactivator-dependent en-

hancement of estrogen receptor function by CARM1 and p300. J Biol Chem, 2000. 

275(52): p. 40810-6. 

53.  Verma, S., et al., The ubiquitin-conjugating enzyme UBCH7 acts as a coactivator for ste-

roid hormone receptors. Mol Cell Biol, 2004. 24(19): p. 8716-26. 

54.  Thomas, M.C. and C.M. Chiang, The general transcription machinery and general cofac-

tors. Crit Rev Biochem Mol Biol, 2006. 41(3): p. 105-78. 

55.  Yoshida, H., et al., Steroid receptor coactivator-3, a homolog of Taiman that controls cell 

migration in the Drosophila ovary, regulates migration of human ovarian cancer cells. 

Mol Cell Endocrinol, 2005. 245(1-2): p. 77-85. 

56.  Sharma, R.P., et al., Chromatin, DNA methylation and neuron gene regulation--the pur-

pose of the package. J Psychiatry Neurosci, 2005. 30(4): p. 257-63. 

57.  van Leeuwen, F. and B. van Steensel, Histone modifications: from genome-wide maps 

to functional insights. Genome Biol, 2005. 6(6): p. 113. 

58.  Li, X., et al., The SRC-3/AIB1 coactivator is degraded in a ubiquitin- and ATP-

independent manner by the REGgamma proteasome. Cell, 2006. 124(2): p. 381-92. 



23 

59.  Yan, F., et al., Specific ubiquitin-conjugating enzymes promote degradation of specific 

nuclear receptor coactivators. Mol Endocrinol, 2003. 17(7): p. 1315-31. 

60.  Hatakeyama, S., J.P. Jensen, and A.M. Weissman, Subcellular localization and ubiqui-

tin-conjugating enzyme (E2) interactions of mammalian HECT family ubiquitin protein li-

gases. J Biol Chem, 1997. 272(24): p. 15085-92. 

61.  Huibregtse, J.M., et al., A family of proteins structurally and functionally related to the 

E6-AP ubiquitin-protein ligase. Proc Natl Acad Sci U S A, 1995. 92(7): p. 2563-7. 

62.  Baichwal, V.R. and R. Tjian, Control of c-Jun activity by interaction of a cell-specific inhi-

bitor with regulatory domain delta: differences between v- and c-Jun. Cell, 1990. 63(4): 

p. 815-25. 

63.  Williams, T. and R. Tjian, Analysis of the DNA-binding and activation properties of the 

human transcription factor AP-2. Genes Dev, 1991. 5(4): p. 670-82. 

64.  Nerlov, C. and E.B. Ziff, Three levels of functional interaction determine the activity of 

CCAAT/enhancer binding protein-alpha on the serum albumin promoter. Genes Dev, 

1994. 8(3): p. 350-62. 

65.  Basu, S., et al., Akt phosphorylates the Yes-associated protein, YAP, to induce interac-

tion with 14-3-3 and attenuation of p73-mediated apoptosis. Mol Cell, 2003. 11(1): p. 11-

23. 

66.  Aqeilan, R.I., et al., Loss of WWOX expression in gastric carcinoma. Clin Cancer Res, 

2004. 10(9): p. 3053-8. 

67.  Bednarek, A.K., et al., WWOX, the FRA16D gene, behaves as a suppressor of tumor 

growth. Cancer Res, 2001. 61(22): p. 8068-73. 

68.  Bednarek, A.K., et al., WWOX, a novel WW domain-containing protein mapping to hu-

man chromosome 16q23.3-24.1, a region frequently affected in breast cancer. Cancer 

Res, 2000. 60(8): p. 2140-5. 

69.  Fabbri, M., et al., WWOX gene restoration prevents lung cancer growth in vitro and in 

vivo. Proc Natl Acad Sci U S A, 2005. 102(43): p. 15611-6. 

70.  Nunez, M.I., et al., Frequent loss of WWOX expression in breast cancer: correlation with 

estrogen receptor status. Breast Cancer Res Treat, 2005. 89(2): p. 99-105. 

71.  Yendamuri, S., et al., WW domain containing oxidoreductase gene expression is altered 

in non-small cell lung cancer. Cancer Res, 2003. 63(4): p. 878-81. 

72.  Chang, N.S., et al., Molecular mechanisms underlying WOX1 activation during apoptotic 

and stress responses. Biochem Pharmacol, 2003. 66(8): p. 1347-54. 

73.  Aqeilan, R.I., et al., Physical and functional interactions between the Wwox tumor sup-

pressor protein and the AP-2gamma transcription factor. Cancer Res, 2004. 64(22): p. 

8256-61. 

74.  Aqeilan, R.I., et al., Functional association between Wwox tumor suppressor protein and 

p73, a p53 homolog. Proc Natl Acad Sci U S A, 2004. 101(13): p. 4401-6. 

75.  Sudol, M., K. Sliwa, and T. Russo, Functions of WW domains in the nucleus. FEBS Lett, 

2001. 490(3): p. 190-5. 

76.  Molkentin, J.D., et al., MEF2B is a potent transactivator expressed in early myogenic li-

neages. Mol Cell Biol, 1996. 16(7): p. 3814-24. 

77.  Vesque, C. and P. Charnay, Mapping functional regions of the segment-specific tran-

scription factor Krox-20. Nucleic Acids Res, 1992. 20(10): p. 2485-92. 

78.  Nunez, M.I., et al., WWOX protein expression varies among ovarian carcinoma histo-

types and correlates with less favorable outcome. BMC Cancer, 2005. 5(1): p. 64. 



24 

79.  Qin, H.R., et al., A role for the WWOX gene in prostate cancer. Cancer Res, 2006. 

66(13): p. 6477-81. 

80.  Zaidi, S.K., et al., Tyrosine phosphorylation controls Runx2-mediated subnuclear target-

ing of YAP to repress transcription. Embo J, 2004. 23(4): p. 790-9. 

81.  Dennis, A.P., et al., Inhibition of the 26S proteasome blocks progesterone receptor-

dependent transcription through failed recruitment of RNA polymerase II. J Steroid Bio-

chem Mol Biol, 2005. 94(4): p. 337-46. 

82.  Cosgrove, M.S. and C. Wolberger, How does the histone code work? Biochem Cell Biol, 

2005. 83(4): p. 468-76. 

83.  Kiekhaefer, C.M., et al., A WW domain-binding motif within the activation domain of the 

hematopoietic transcription factor NF-E2 is essential for establishment of a tissue-

specific histone modification pattern. J Biol Chem, 2004. 279(9): p. 7456-61. 

84.  Mellor, J., It takes a PHD to read the histone code. Cell, 2006. 126(1): p. 22-4. 

 

 



25 

Published Manuscript (Appendix 1) 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



WW Domain Binding Protein-2, an E6-Associated
Protein Interacting Protein, Acts as a Coactivator of
Estrogen and Progesterone Receptors
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WW domain binding protein-2 (WBP-2) was cloned
as an E6-associated protein interacting protein,
and its role in steroid hormone receptors functions
was investigated. We show that WBP-2 specifically
enhanced the transactivation functions of proges-
terone receptor (PR) and estrogen receptor (ER),
whereas it did not have any significant effect on the
androgen receptor, glucocorticoid receptor, or the
activation functions of p53 and VP-16. Depletion of
endogenous WBP-2 with small interfering RNAs
indicated that WBP-2 was required for the proper
functioning of PR and ER. We also demonstrated
that WBP-2 contains an intrinsic activation domain.
Moreover, chromatin immunoprecipitation assays
demonstrate the hormone-dependent recruitment
of WBP-2 onto an estrogen-responsive promoter.

Mutational analysis suggests that one of three
polyproline (PY) motifs of WBP-2 is essential for its
coactivation and intrinsic activation functions. We
show that WBP-2 and E6-associated protein each
enhance PR function, and their effect on PR action
are additive when coexpressed, suggesting a com-
mon signaling pathway. In this study, we also dem-
onstrate that the WBP-2 binding protein, Yes ki-
nase-associated protein (YAP) enhances PR
transactivation, but YAP’s coactivation function is
absolutely dependent on WBP-2. Taken together,
our data establish the role of WBP-2 and YAP
as coactivators for ER and PR transactivation
pathways. (Molecular Endocrinology 20: 2343–2354,
2006)

STEROID HORMONES REGULATE various biolog-
ical processes via their cognate receptors, which

are comprised of a superfamily of structurally related
intracellular ligand-activated transcription factors (1,
2). In the absence of hormones, these receptors are
transcriptionally inactive and are bound to cellular
chaperone proteins. Upon ligand binding, the recep-
tors undergo a conformational change, resulting in
their dissociation from cellular chaperones, dimeriza-
tion, and phosphorylation. Ligand-bound receptor
dimers bind to enhancer elements of target genes and
subsequently recruit coactivators and general tran-
scription factors to form a preinitiation complex that
culminates in target gene transcription (3–7).

Nuclear hormone receptor coactivators are mole-
cules that interact with activated receptors and stim-
ulate receptor-mediated transcription of target genes
(8–11). The most widely studied coactivators include
members of the p160 family of coactivators; steroid
receptor coactivator-1 (SRC-1), SRC-2 [transcription
intermediary factor-2 (TIF-2)/glucocorticoid receptor
interacting protein-1 (GRIP-1)], SRC-3 [p/CIP; p300/
CBP interacting protein/activator of thyroid and retin-
oid acid receptors (ACTR)/amplified in breast cancer-1
(AIB-1)/retinoid acid receptor coactivator-3 (RAC-3)/
thyroid receptor activator molecule-1 (TRAM-1)], the
cAMP response element-binding protein-binding
(CREB) protein (CBP)/p300 family coactivator-associ-
ated arginine methyltransferase (CARM-1), and E6-
associated protein (E6-AP) (11–18).

We have previously reported the cloning and char-
acterization of E6-AP as a novel dual-function steroid
hormone receptor coactivator. Recently, we demon-
strated that the E2 ubiquitin-conjugating enzyme,
UbcH7, acts as a coactivator of steroid hormone re-
ceptors (19). It has been demonstrated that coactiva-
tor proteins form multiprotein complexes to efficiently
regulate target gene transcription (15). In this study,
our focus was to identify proteins that interact with
E6-AP and modulate steroid hormone receptor func-
tions. To identify proteins that interact with E6-AP, we
performed a yeast two-hybrid screen using E6-AP mu-
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tant (E6-AP-C833S) defective in ubiquitin-ligase func-
tion as bait so as to avoid degradation of the prey
during the process. WW domain binding protein-2
(WBP-2) was identified as an E6-AP interacting pro-
tein. WBP-2 was previously shown to interact with
human Yes kinase-associated protein (YAP) via the
WW domain of YAP protein (20). The WW domain is
characterized by 35–40 semiconserved amino acids,
which are involved in protein-protein interaction (21).
WBP-2 interacts with the WW domain via a short pro-
line-rich motif (PPXY) with the consensus sequence of
four consecutive prolines followed by tyrosine (22). It
has been speculated that WBP-2 plays a role in tran-
scription, but its exact function in transcription has not
been defined. Additionally, it has been suggested that
YAP may regulate transcription (23) by acting as a
coactivator for several transcription factors including
members of Runx2 family (24) and TEAD/TEF family
(25), the proapoptotic protein p73 (26, 27), and is
involved in ErbB4 signaling (28).

In the present study, we describe a role for WBP-2
and YAP in steroid hormone receptor functions. We
show that WBP-2 physically interacts with E6-AP and
certain steroid hormone receptors. We demonstrate
that WBP-2 specifically modulates the hormone-de-
pendent transcriptional activities of estrogen receptor
(ER) and progesterone receptor (PR). Moreover, de-
pletion of endogenous WBP-2 protein with small in-
terfering RNA (siRNA) significantly reduces the trans-
activation potential of steroid receptors. Our data
suggest that the carboxyl-terminal PPXY motif of
WBP-2 is required for its coactivation function. Coex-
pression of WBP-2 and E6-AP enhances steroid re-
ceptor transactivation additively. Furthermore, YAP,
which has been shown to be physically associated
with WBP-2, also is able to enhance receptor function.
However, the YAP coactivation function is strictly de-
pendent on the coexpression of functional WBP-2.
Together, our results demonstrate the role of WBP-2
as a potent coactivator for a subset of steroid
receptors.

Results

Isolation and Characterization of WBP-2 as an
E6-AP Interacting Protein

Yeast two-hybrid screening system was used to iso-
late cDNA clones that encode E6-AP interacting pro-
teins. Because E6-AP could activate the degradation
of its binding proteins, a catalytically inactive form of
E6AP (E6-AP-C833S) was used as bait to avoid po-
tential degradation of interacting proteins. E6-AP
(C833S) was fused in-frame with the Gal4 DNA-bind-
ing domain and introduced into Saccharomyces cer-
evisiae. The prey cDNA library, fused to the Gal4 ac-
tivation domain, was derived from human brain cells.
We isolated 12 colonies with cDNAs encoding proteins
that strongly interacted with E6-AP. Surprisingly, all 12

colonies contained identical cDNAs. A sequence sim-
ilarity search in the GenBank database revealed that
all colonies encoded the carboxyl terminus of WBP-2.

We subsequently verified that WBP-2 interacts with
E6-AP both in vivo and in vitro. As shown in Fig. 1A, in
a yeast two-hybrid assay, WBP-2 strongly interacts
with E6-AP. To further confirm that the WBP-2 and
E6-AP interaction observed in the yeast two-hybrid
assay is due to direct physical association of WBP-2
with E6-AP, we performed glutathione-S-transferase
(GST) pull-down assays. In this assay, WBP-2 inter-
acted directly with E6-AP (Fig. 1B).

WBP-2 Interacts with Estrogen and Progesterone
Receptors

WBP-2 interacts with E6-AP and E6-AP has been
shown to act as coactivator for certain nuclear and
steroid hormone receptors. To determine whether
WBP-2 interacts with steroid hormone receptors, we
assayed WBP-2 binding to ER and PR in GST pull-
down assays. Figure 2A shows strong WBP-2 inter-
action with full-length ER in the presence of estradiol
and reduced binding in the absence of hormone and
presence of antiestrogen (tamoxifen). Under similar
conditions, WBP-2 was unable to interact with control

Fig. 1. Yeast Two-Hybrid Screen for E6-AP Interacting Pro-
teins

A, Yeast cells were transformed with bait plasmid pGAD10-
E6-AP (C833S) and prey brain cDNA library, fused to the Gal4
activation domain. The �-galactosidase activity (Miller units) of
clone 69 (WBP-2) was determined. B, In vitro WBP-2 interacts
with E6-AP. In vitro translation of E6-AP was performed in the
presence of [35S]methionine using the transcription and trans-
lation kit (Promega). GST-WBP-2 and GST alone (control) were
expressed in E. coli and purified on glutathione-Sepharose
beads. The purified and glutathione-bound GST (control) or
GST-WBP-2 was incubated with in vitro-translated E6-AP.
WBP-2-bound E6-AP was analyzed by autoradiography with
20% of in vitro-translated E6-AP as input.
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GST protein. Similarly, WBP-2 and PR interaction was
observed in the presence of progesterone, whereas
only minimal binding was observed in the absence of
hormone and presence of antiprogestin (RU486) (data
not shown). These findings indicate that WBP-2 can
interact with ER and PR in the presence of hormone in
in vitro.

WBP-2 and E6-AP Coprecipitate with ER in
Cellular Lysates

Although WBP-2 could bind to both E6-AP and ER in
vitro, we wanted to determine whether all three proteins
are present in a complex in vivo in the presence of
hormone. Immunoprecipitation assays using MCF-7 cell
lysates treated with vehicle (ethanol), estradiol, or anties-
trogen (tamoxifen) showed that both WBP-2 and E6-AP
strongly interact with ER in the presence of estradiol (Fig.
2B). However, a weaker interaction of E6-AP, WBP-2,
and ER was observed in the absence of hormone and
tamoxifen. This observation is in agreement with our in
vitro assays, and furthermore, it suggests that WBP-2,
E6-AP, and ER form a complex.

WBP-2 Selectively Modulates the Transcriptional
Activities of Progesterone and Estrogen Receptors

Because E6-AP acts as a coactivator for nuclear hor-
mone receptors and WBP-2 physically associates with

E6-AP and steroid hormone receptors, we next tested
whether WBP-2 regulates receptor-dependent activa-
tion of target gene expression using transient trans-
fection assays in HeLa cells. HeLa cells were cotrans-
fected with mammalian expression plasmids
containing one of the following receptors, PR, ER,
glucocorticoid (GR) and androgen (AR) receptors
along with the reporter plasmids driven by their cog-
nate hormone response element. These assays were
carried out with or without coexpression of an expres-
sion vector for WBP-2. WBP-2 had little effect on the
transactivation functions of PR and ER in the absence
of hormone. However, WBP-2 significantly enhanced
(�4- to 5-fold) the hormone-dependent transcriptional
activities of PR and ER (Fig. 3A). WBP-2 had only
minimal effect on the transcriptional activities of GR
and AR both with and without their cognate ligands
(Fig. 3B). Similarly WBP-2 had only negligible effect on
other nuclear receptors like retinoic acid receptor-�
and thyroid receptor (data not shown). These data
suggest that WBP-2 selectively modulates the ligand-
dependent transcriptional activities of ER and PR. Be-
cause HeLa cells express the viral E6 protein that
could functionally interact with WBP-2 via E6-AP, we
wanted to assay the coactivation function of WBP-2 in
cells that lack E6 expression. As shown in Fig. 3C,
WBP-2 stimulated the hormone-dependent transcrip-
tional activity of PR in the E6-negative T47D cells.
Similarly, WBP-2 could also stimulate the hormone-
dependent transcriptional activity of ER in the E6-
negative MCF-7 cells. Furthermore, WBP-2 has no
significant effect on the transcriptional activity of ER in
the presence of antiestrogen (tamoxifen), suggesting
that WBP-2 only enhance the hormone-dependent
transcriptional activity of receptor (Fig. 3D). These data
also indicate that the coactivation function of WBP-2 is
not dependent on the E6 protein. This is consistent
with our previously published data, indicating that the
coactivation function of E6-AP is not dependent on the
viral E6 protein (16).

To further examine whether WBP-2 selectively mod-
ulates the transcriptional activities of ER and PR, we
investigated how WBP-2 affected the transcriptional
activities of unrelated transcription factors, p53 and
the VP-16. As shown in Fig. 3E, the transcriptional
activities of p53 and the VP-16 activation domain were
not affected by exogenously expressed WBP-2. These
observations suggest that WBP-2 preferentially mod-
ulates the hormone-dependent transcriptional activity
of a subset of steroid hormone receptors.

Depletion of Endogenous WBP-2 Levels Reduces
the Transcriptional Activity of PR and ER

To confirm that WBP-2 is indeed required for PR ac-
tivation, cellular WBP-2 expression was down-regu-
lated in HeLa cells using WBP-2-directed siRNA. HeLa
cells were transiently transfected with siRNAs directed
against either WBP-2 or against glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) control, together

Fig. 2. WBP-2 Interacts with ER
A, Interaction of WBP-2 with ER was determined in a GST

pull-down assay. ER was radiolabeled with 35S by the in vitro
transcription and translation kit. The labeled ER protein was
then incubated overnight at 4 C with E. coli expressed GST
alone (control) or GST-WBP-2 bound to beads either in the
absence of hormone (�H), or presence of E2 or tamoxifen (T).
Bound proteins were analyzed by SDS-PAGE and autoradiog-
raphy with 10% of in vitro-translated ER as input. B, In vivo
WBP-2 interacts with E6-AP and ER. MCF-7 cells were treated
with either no hormone (�H), E2, or tamoxifen (T) for 24 h, and
cells were lysed with RIPA lysis buffer. Lysates were clarified
with protein A-Sepharose beads and incubated with either an-
ti-ER antibody or rabbit preimmune serum (Alpha Diagnostic).
The lysates were precipitated with protein A-Sepharose beads
that bind to rabbit IgGs followed by electrophoresis. Five per-
cent of the lysates were used as input and analyzed by Western
blot with either anti-ER, anti-E6-AP, or anti-WBP-2 antibodies.
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Fig. 3. WBP-2 Specifically Modulates the Hormone-Dependent Transcriptional Activity of ER and PR
A, HeLa cells were transiently transfected with receptor expression plasmid for PR, ER, and their cognate hormone response

elements in the presence or absence of WBP-2. Later, cells were treated with respective hormones as follows: PR, progesterone (10�7

M); ER, estradiol (10�8 M). Cells were harvested after 24 h and assayed for luciferase activity, and bars represent mean from three
different determinations. The data are presented as fold activation. The activity of each receptor in the presence of hormone and in the
absence of WBP-2 was defined as 1-fold, and the data for other bars were scaled accordingly. B, WBP-2 has no significant effect on
the hormone-dependent transcriptional activity of AR and GR. LNCaP cells were transfected with androgen-responsive reporter in the
presence or absence of WBP-2. HeLa cells were transiently transfected with GR expression plasmid and its cognate hormone response
elements in the presence or absence of WBP-2. Later, LNCaP and HeLa cells were treated with R1881 (2.5 � 10�10 M) for AR and
dexamethasone (10�7 M) for GR, respectively. Cells were harvested after 24 h and assayed for luciferase activity, and bars represent
mean from three different determinations. The data are presented as fold activation. The activity of each receptor in the presence of
hormone and in the absence of WBP-2 was defined as 1-fold, and the data for other bars were scaled accordingly. C, WBP-2 enhances
PR transactivation in T47D cells. T47D cells were transiently transfected with progesterone response element containing reporter
plasmid in the presence or absence of WBP-2. Later, cells were treated with progesterone (10�7 M). Cells were harvested after 24 h
and assayed for luciferase activity, and bars are mean and SD from three different determinations. The data are presented as fold
activation. The activity of receptor in the presence of hormone and in the absence of WBP-2 was defined as 1-fold, and the data for
other bars were scaled accordingly. D, WBP-2 enhances ER transactivation in MCF-7 cells. MCF-7 cells were transiently transfected
with estrogen response element containing reporter plasmid in the presence or absence of WBP-2. Later, cells were treated with either
vehicle (�H), estradiol (10�8 M), or antiestrogen, tamoxifen (10�6 M). Cells were harvested after 24 h and assayed for luciferase activity,
and bars are mean and SD from three different determinations. The data are presented as fold activation. The activity of receptor in the
presence of hormone and in the absence of WBP-2 was defined as 1-fold, and the data for other bars were scaled accordingly. E,
WBP-2 had no significant effect on the transcriptional activity of nonnuclear hormone receptor transcription factors p53 and VP-16
activation domain. HeLa cells were transiently transfected with expression plasmid for either p53 or VP-16 activation domain along with
their respective reporter plasmids, p21 promoter-LUC or 17-mer-LUC in the presence or absence of WBP-2. Data are expressed as
mean and SD of three different transfection assays. The data are presented as fold activation. The activity of each transcription factor
in the absence of WBP-2 was taken as 1-fold, and the other bar was scaled accordingly.
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with PR and PR-responsive reporter plasmids. Ex-
pression of siRNA directed against WBP-2 reduced
the level of WBP-2 expression, whereas the control
siRNA had no effect on WBP-2 expression (Fig. 4A).
Depletion of endogenous WBP-2 reduced PR tran-
scriptional activity by 75.3% (Fig. 4B), indicating that
WBP-2 is required for fully functional PR activity.

We further investigated whether disruption of
WBP-2 expression also affects estrogen-dependent
biological actions in ER-positive MCF-7 breast cancer
cells. MCF-7 cells were transfected with two control
siRNAs (siScrambled or siGAPDH) or siWBP-2, and
then cells were treated with either vehicle or estradiol
(E2) and expression of estrogen-regulated gene, pS2
was measured by quantitative RT-PCR. Upon treat-
ment with E2, pS2 mRNA was significantly induced in
cells that were transfected with either of the control
siRNAs (siScrambled or siGAPDH) (Fig. 4C). Impor-
tantly, cells treated with siWBP-2 had a reduced pS2
expression, indicating WBP-2 is required for biological
activity of ER in MCF-7 cells (Fig. 4C).

Recruitment of WBP-2 onto an Estrogen-
Responsive Promoter in MCF-7 Cells

To further substantiate the coactivation function of
WBP-2, we employed chromatin immunoprecipitation
(ChIP) to assay the recruitment of WBP-2 onto an
ER-responsive promoter in MCF-7 cells. Formalde-
hyde cross-linked protein-chromatin complexes were
immunoprecipitated from MCF-7 that were treated
with or without estrogen using the appropriate specific
antibodies. The precipitated genomic DNA associated
with ER or WBP-2 was amplified by PCR using primers
specific for estrogen receptor binding site within the
pS2 promoter. ChIP analyses demonstrated the re-
cruitment of WBP-2 onto ER-responsive promoter in
the presence of estrogen (Fig. 5, A and B); thus, as is
the case for known ER coactivators, WBP-2 is re-
cruited to the pS2 promoter in a hormone-dependent
manner (29). This assay also demonstrates that
WBP-2 is physically present on an ER target gene
promoter at a time when the gene is activated.

WBP-2 Reverses Transcriptional Interference
between Estrogen and Progesterone Receptors

Previously, it has been demonstrated that the tran-
scriptional activity of one receptor can be squelched
by the overexpression of another receptor, indicating
that both receptors compete for limited pools of com-
mon factors (21, 30). We used a transient transfection
assay to determine whether WBP-2 can relieve ER-
induced squelching of the transcriptional activity of
PR. We observed that PR-mediated transcriptional ac-
tivity was reduced by 75% upon coexpression of ER in
the presence of estradiol (Fig. 6, compare lanes 2 and
3). Addition of WBP-2 reversed this squelching in a
dose-dependent manner (Fig. 6, compare lanes 2 and
8). In control cells that are not treated with estradiol,

Fig. 4. Endogenous WBP-2 Expression Is Essential for Ste-
roid Hormone Receptor Function

A, Expression analysis of WBP-2 protein after siRNA treat-
ment. HeLa cells were transiently transfected with PR expres-
sion plasmid and its response element either in presence of
WBP-2 siRNA (in vitro synthesized) or control GAPDH siRNA.
Four hours post transfection, cells were treated either with pro-
gesterone (10�7 M) or vehicle (ethanol). Twenty-four hours after
transfection, cells were harvested and lysed. Cell lysates were
run on a 4–20% gradient gel and transferred onto nitrocellulose
paper. Protein levels were assessed by Western blot using
WBP-2-specific antibodies. Equal loading of samples was con-
firmed using �-actin-specific antibodies. B, Depletion of endog-
enous WBP-2 levels reduces transcriptional activity of PR. Part
of the cell lysates was used to measure luciferase activity. The
activity of PR in the presence of progesterone and control siRNA
(GAPDH) was taken as 100-fold activation, and the data for
other bars were scaled accordingly. C, Depletion of endoge-
nous WBP-2 levels reduces the expression levels of ER target
gene pS2. MCF-7 cells were transfected with either control
siRNA (siScrambled), siGAPDH, or siWBP-2. Then, cells were
treated with vehicle (�H) or E2 (�H) for 12 h before being
collected for RNA preparation. RT-PCR was performed with
specific primers for pS2. The results were normalized against
GAPDH transcripts, and plotted as relative fold mRNA levels of
pS2. The relative mRNA level of pS2 gene when treated with
siRNA against GAPDH is taken as 1-fold, and other bars are
scaled accordingly.
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WBP-2 transfection increased PR-mediated transcrip-
tional activity 3- to 4-fold (Fig. 6, compare lanes 2 and
9). Thus, coexpression of WBP-2 can reverse the in-
terference between ER and PR, suggesting that
WBP-2 is one of the limiting factors that are necessary
for efficient PR and ER transcriptional activity.

The Carboxyl-Terminal PY Motif of WBP-2 Is Also
Required for Its Coactivation Function

WBP-2 contains three proline-rich motifs containing
the sequence PPXY (P, proline; X, any amino acid; Y,
tyrosine) (21). These PPXY sequences or PY motifs in
WBP-2 are binding recognition sites for a subclass of
WW domains present in certain other proteins. Be-
cause WBP-2 enhances the transcriptional activities of
ER and PR, we wanted to determine whether the PY
motifs of WBP-2 are essential for its ability to modulate
the transcriptional activity of these receptors. To this
end, we mutated each of the three PPXY motifs of
WBP-2 to AAXA (A, alanine) (Fig. 7A) and tested the
ability of the mutant WBP-2 proteins to modulate PR
transcriptional activity by transient transfection as-
says. As shown in Fig. 7B, wild-type WBP-2 enhanced
the transcriptional activity of PR in a hormone-depen-

dent manner in transient transfection assays. Similarly,
the WBP-2 proteins that contained mutations in either
PY motif 1 or PY motif 2 were able to enhance PR
activity, suggesting that PY motifs 1 and 2 of WBP-2
were nonessential for its coactivation functions (data
not shown). In contrast, a WBP-2 protein that con-
tained mutations in the carboxyl-terminal PY motif of
WBP-2 was unable to coactivate the transcriptional
activity of PR, suggesting that this PY motif of WBP-2
is required for its transcriptional function (Fig. 7B). To
confirm that the loss of coactivation function in the
carboxyl-terminal PY motif mutant WBP-2 was not
due to the loss of expression of the mutant WBP-2, we
analyzed the expression of mutant WBP-2 by Western
blot analysis. Figure 7C demonstrates that both the
wild-type and mutant WBP-2 proteins are expressed
at approximately equal levels. To further ascertain that
this loss of coactivation function of the carboxyl-ter-
minal PY motif mutant WBP-2 is not due to its lack of
interaction with the receptor, we also analyzed the
interaction between wild-type WBP-2 and PY3 motif
mutant WBP-2 with ER in GST pull-down assays. As
shown in Fig. 7D, both wild-type WBP-2 and PY motif
mutant WBP-2 interact with ER in a hormone-depen-
dent manner, suggesting that loss of coactivation
function of mutant WBP-2 is not due to loss of its
interaction with receptor. Taken together, these results
demonstrate that the carboxyl-terminal PY motif of
WBP-2 protein is critical for its ability to enhance ste-
roid hormone receptor-mediated transcription.

Fig. 5. WBP-2 Is Recruited onto ER-Responsive Promoter
ChIP was performed using MCF-7 cells in the presence of

E2 (�) or absence of estrogen hormone (�). A, Primers spe-
cific for pS2 promoter were used to amplify the genomic DNA
associated with ER in MCF-7 cells. B, Primers specific for
pS2 promoter were used to amplify the genomic DNA asso-
ciated with WBP-2 in MCF-7 cells. The PCR products were
separated on agarose gel and the band intensities were
quantified using the Image J (NIH) software. Input band in-
tensity was considered as 100%, and the other bands were
scaled accordingly.

Fig. 6. WBP-2 Reverses the Transcriptional Interference be-
tween PR and ER

HeLa cells were transfected with 0.2 �g of PR expression
plasmid, 0.3 �g of ER expression plasmid, 1.0 �g of PRE-
.TATA.LUC, and increasing concentrations (0, 25, 50, 100,
150, 200 ng) of WBP-2. Cells were then treated with proges-
terone (Prog.) alone or progesterone and estradiol together
(each at 10�8 M). The last bar corresponds to control cells
transfected with WBP-2, ER and PR expression plasmids but
treated with progesterone alone. Data are expressed as
mean and SD of three independent transfections. The data are
presented as fold activation. The activity in the presence of
hormone and in the absence of WBP-2 was defined as 1-fold,
and the data for other bars were scaled accordingly.
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The Carboxyl-Terminal PY Motif of WBP-2 Is an
Integral Part of Its Intrinsic Activation Function

Authentic steroid hormone receptor coactivators often
contain intrinsic transcription activation domains. To
ascertain whether WBP-2 possesses an intrinsic
transferable activation domain, wild-type WBP-2 and
mutant WBP-2 (coactivation deficient) were fused to
GAL4 DNA-binding domain. The ability of these fusion
proteins to function as transcription activation do-
mains was assayed using a GAL4-responsive reporter.
In these experiments, we used GAL4-SRC-1, a well-
characterized steroid hormone receptor coactivator as
positive control. GAL4-WBP-2 (wild type) was able to
stimulate the transcriptional activity of the reporter
gene to a greater extent than did the vector containing
only the GAL4 DNA-binding domain, whereas the ac-
tivity of the coactivation deficient mutant WBP-2 was
significantly reduced compared with that of wild-type
WBP-2 (Fig. 8).

Coexpression of WBP-2 and E6-AP Further
Enhances PR Activity

Because E6-AP has been reported to interact with
steroid hormone receptors (16) and WBP-2, we
wanted to further explore the functional interaction
between E6-AP and WBP-2. HeLa cells were tran-
siently transfected with wild-type E6-AP and WBP-2
expression plasmids either alone or together. WBP-2
and E6-AP each transfected alone significantly en-
hanced the activity of PR (Fig. 9). However, when
coexpressed, WBP-2 and wild-type E6-AP additively
enhanced the transactivation function of PR (Fig. 9).
These data suggest that E6-AP and WBP-2 function-
ally cooperate with each other.

Fig. 7. PY Motif 3 of WBP-2 Is Indispensable for Its Coac-
tivation Function

A, Schematic representation of mutated WBP-2 PY motifs.
The PY motif 1, 2, and 3 of WBP-2 were mutated by in vitro
site-directed mutagenesis. B, The PY motif 3 of WBP-2 is
required for its coactivation function. HeLa cells were trans-
fected with PR expression and reporter plasmids in the pres-
ence or absence of either wild-type or PY3 mutant WBP-2.
Cells were treated with progesterone (10�7 M), and luciferase
activity was measured. The data are presented as fold acti-
vation. The activity of PR in the presence of hormone and in
the absence of WBP-2 was defined as 1-fold, and the data for
other bars were scaled accordingly. C, Wild-type and PY3
mutant WBP-2 expressed at an equal level. Protein levels
were analyzed by Western blot using anti-WBP-2 antibody.
Control lane represents cells that were transfected with
empty vector. �-Actin expression was used as loading con-
trol. D, Wild-type and PY3 mutant WBP-2 interact with ER.
Interaction of wild-type and PY3 mutant WBP-2 with ER was
determined in a GST pull-down assay. ER was labeled with
35S by in vitro transcription and translation kit. The labeled ER
protein was then incubated overnight at 4 C with E. coli
expressed GST alone (control), GST-WBP-2 (wild type), or
GST-PY3 mutant WBP-2 bound to beads either in the ab-
sence of hormone (�H) or presence of E2. Bound proteins
were analyzed by SDS-PAGE and autoradiography with 10%
of in vitro-translated ER as input.

Fig. 8. PY Motif 3 of WBP-2 Is Essential for Its Intrinsic
Activation Function

HeLa cells were transiently transfected with either pBIND
(empty), pBIND-WBP-2 (wild type), or pBIND-WBP-2 (PY 3
mutant) and its specific reporter pGS5. pBIND.SRC-1 was
used as a positive control. Cells were harvested after 24 h
and assayed for luciferase activity, and bars are mean and SD

from three different determinations. The data are presented
as fold activation. The activity of Gal4 DNA binding domain
(control) in the absence of WBP-2 (wild type and mutant) or
SRC-1 was defined as 1-fold, and the data for other bars
were scaled accordingly.
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The WW Domain-Containing Protein, YAP,
Modulates Progesterone Receptor
Transcriptional Activity via the WBP-2 Protein

WBP-2 was first identified as a protein-binding partner
of the WW domain-containing protein, YAP. YAP has
been shown to be a transcriptional coactivator (23).
Thus, we wanted to know whether YAP may modulate
steroid receptor-dependent target gene expression.
To determine the role of YAP in steroid hormone re-
ceptor transactivation, HeLa cells were cotransfected
with mammalian expression plasmids for the PR and
ER receptors along with reporter plasmids containing
their cognate hormone response element, with or with-
out an expression vector for YAP. YAP did not affect
PR-mediated transactivation either in the absence or
presence of hormone. In contrast, when YAP was
coexpressed with WBP-2, the hormone-dependent
transcriptional activity of PR was significantly en-
hanced (�24-fold) (Fig. 10). Similarly, YAP alone did
not activate the ER-mediated transactivation but when
coexpressed with WBP-2 enhanced ER mediated
transactivation (data not shown). This activity was
higher than the observed coactivation with WBP-2
alone (Fig. 10). These data suggest that YAP can mod-
ulate the ligand-dependent transcriptional activity of
PR and ER via WBP-2.

The PY motifs of WBP-2 have been shown to inter-
act with the WW domain of YAP. Because our data
revealed that the most carboxyl-terminal polyproline
motif (PY motif 3) of WBP-2 was required for its co-
activation function, we next asked whether the PY
motif 3 of WBP-2 is required for YAP to function as a
steroid receptor coactivator. When coexpressed to-
gether, wild-type WBP-2 and wild-type YAP greatly
enhanced the transactivation function of PR (Fig. 10).

In contrast, the mutant WBP-2 and wild-type YAP also
failed to enhance the transcriptional activity of the
progesterone receptor (Fig. 10). Our data demonstrate
that the carboxyl-terminal PY motif of the WBP-2 pro-
tein also is required for YAP to function as a transcrip-
tional secondary coactivator.

Discussion

In this study, we describe the isolation of WBP-2 as an
E6-AP interacting protein and its role in transactivation
by steroid hormone receptors. Our data demonstrate
that WBP-2 interacts with E6-AP as well as with the
liganded form of ER and PR both in vitro and in vivo.
This result is consistent with previously published re-
ports indicating that coactivators form multiprotein
complexes (15, 29) and interact with receptors primar-
ily in the presence of hormone. It has been suggested
that most coactivators interact with receptors via the
LXXLL motifs contained within the coactivators (31).
WBP-2 is distinct from these coactivators, because it
does not contain LXXLL motifs. It also has been re-
ported that most of the cloned coactivators exhibit
little receptor specificity and are able to coactivate a
wide variety of nuclear hormone receptors. Unlike
these coactivators, WBP-2 exhibits receptor selectiv-
ity and preferentially coactivates the hormone-depen-
dent transcriptional activities of PR and ER, having
little effect on the transactivation functions of GR and
AR. In addition, as described for several recently char-

Fig. 9. WBP-2 and E6-AP Additively Enhance PR Transac-
tivation

Cells were transiently transfected with PR expression plas-
mid and progesterone-responsive reporter plasmid (PRE.
TATA.LUC) in the absence or presence of WBP-2 or E6-AP or
both. Cells were treated with or without progesterone (10�7 M).
Data are expressed as mean and SD of three different transfec-
tions and plotted as fold activation.

Fig. 10. YAP Shows an Absolute Dependence on Wild-Type
WBP-2 to Enhance PR Transactivation

HeLa cells were transiently transfected with receptor ex-
pression plasmid for PR and its specific reporter (PRE.TATA.
LUC). Wild-type WBP-2, mutant WBP-2 (PY3), and YAP ex-
pression vectors were also coexpressed alone or in
combination. Empty vector of the above proteins was trans-
fected as control. Later, cells were treated with progesterone
(10�7 M). Cells were harvested after 24 h and assayed for
luciferase activity, and bars are mean and SD from three
different determinations. The data are presented as fold ac-
tivation. The activity of receptor in the presence of hormone
and in the absence of WBP-2/ mutant WBP-2/ YAP was
defined as 1-fold, and the data for other bars were scaled
accordingly.
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acterized coactivators (16), WBP-2 contains an intrin-
sic transactivation function.

Our ChIP analyses demonstrate the hormone-me-
diated recruitment of WBP-2 onto an endogenous ER-
responsive pS2 promoter. Thus, as is the case for
coactivator proteins such as E6-AP, UbcH7, and SRC
family members, WBP-2 is also recruited to target
promoters by receptors in a hormone-dependent
manner. Because WBP-2 binds to both receptor and
E6-AP, it is likely that WBP-2 could be recruited to the
target promoters in a hormone-dependent manner by
its association with receptors and/or E6-AP.

Targeted depletion of coactivators in mice and cell
lines has demonstrated that coactivators are required
for proper functioning of steroid hormone receptors
(32, 33). Our siRNA-mediated depletion experiments
suggest that, like other coactivators, WBP-2 is impor-
tant for the proper functioning of steroid hormone
receptors. The existence of modulatory proteins in the
nuclear hormone receptor transactivation pathway is
supported by the findings that the transcriptional ac-
tivity of one receptor can be squelched by the over-
expression of another receptor, indicating that both
receptors compete for a limited pool of common fac-
tor. Our results indicate that overexpression of WBP-2
reverses the squelching effect of ER on PR transacti-
vation in a dose-dependent manner and are consistent
with previously published studies indicating that au-
thentic coactivators usually can reverse squelching
between two receptors (19). Taken together, our data
support the observation that WBP-2 is a bona fide
coactivator of PR and ER.

The WBP-2 protein contains three PPXY sequences
known as the PY motifs. The PY motifs are present in
the transcriptional activation domains of several tran-
scription factors, including c-Jun, AP-2, C/EBP�, NF-
E2, KROX-20, MEF2B, and PEBP2, suggesting that
the PY motifs may play vital role in gene transcription.
PY motifs in these proteins have been previously
shown to mediate protein-protein interactions and
they represent potential transactivation domains that
could function by recruiting additional strong transac-
tivators to the promoters of target genes. Our data
support the hypothesis that the PY motif is involved in
gene transcription because mutations in one of the
three PY motifs abolish both the intrinsic activation
function of the molecule as well as the coactivation
function of WBP-2 in ER- and PR-mediated gene
transcription.

Initially, WBP-2 was proposed as a ligand for the
WW domain of YAP. In this report, we have shown that
YAP also acts as a coactivator of steroid hormone
receptors. However, the coactivation function of YAP
is dependent on the presence of WBP-2 (carboxyl-
terminal PY motif of WBP-2). Our data are consistent
generally with previously published reports that YAP
stimulates gene transcription by binding to the PY
motif of ErbB4 protein. In conclusion, the results pre-
sented in this study substantiate the role of WBP-2
(contains PY motif) and YAP (contains WW domain) in

female steroid hormone receptor function. Based on
our data, we postulate that the PY motif of WBP-2
binds to the WW domain of YAP and recruits YAP to
the target gene promoter by interacting with receptor
and E6-AP. When the receptor-E6-AP-WBP-2-YAP
complex is recruited to hormone-responsive promot-
ers, it acts at one of the many substeps required to
modulate the transactivation functions of a steroid
hormone-responsive target gene.

Materials and Methods

Plasmid Construction

The mammalian expression plasmids for progesterone recep-
tor-B (pCR3.1.PR-B), glucocorticoid receptor (pCR3.1.GR), es-
trogen receptor (pCR3.1.ER), p53, SRC-1 (pBIND.SRC-1),
E6-AP (pCR3.1.E6-AP), YAP65 (pCDNA3.1.YAP65), pGEM.E6-AP
(3003), and GAL-VP16 have been described previously (1, 16, 22,
34, 35). The progesterone/glucocorticoid/androgen-respon-
sive reporter (PRE-TATA.LUC), estrogen-responsive reporter
(ERE-TATA.LUC), p53-responsive reporter (p21 promoter-
LUC), and VP-16-responsive reporter (17mer-LUC) plasmids
also have been described previously (17, 36–38).

To reconstitute the ubiquitin-protein ligase defective
E6-AP in a yeast two-hybrid plasmid, HindIII-digested (and
filled) pGEM E6-AP (C833S) was redigested with BamHI. The
resulting BamHI-HindIII (filled) fragment was inserted into the
BamHI-EcoRI (filled) sites of pGAD10 (Clontech, Cambridge,
UK). To fuse WBP-2 with GST, the BamHI-EcoR1 fragment of
full-length WBP-2 was subcloned in-frame with GST into
plasmid pGEX4T (Amersham Biosciences, Piscataway, NJ).
To fuse WBP-2 in-frame with Gal4 DNA binding domain, the
BamHI-EcoRI fragment of WBP-2 was subcloned into the
corresponding sites of pBIND (Invitrogen, San Diego, CA)
vector and pBK-RSV (Stratagene, La Jolla, CA) vector. The
reporter plasmid pGS5 with multiple copies of Gal4 response
element was purchased from Invitrogen.

Site-Directed Mutagenesis of the PY Motifs of WBP-2

The GeneEditor in vitro Site-Directed Mutagenesis System
from Promega Corporation (Madison, WI) was used to gen-
erate WBP-2 PY motif mutants. Mutations within the three
poly-proline motifs (PY motifs) were generated in pBlueScript
vector. The oligonucleotide primers used in the process are
as follows: 5�-GGA ATG TAC CCC TGC GCT GCT GGC GCC
CCC TAT CCA CCG CCC-3� coding for AAGA (first PY motif);
5�-TAC GTG CAG CCC CCA GCA GCG CCC GCC CCT GGG
CCC ATG GAA-3� coding for AAPA (second PY motif); 5�-
AGC CAG CCG CCG CCA GCT GCC TAC GCC CCA CCG
GAA GAT AAG coding for AAYA (third PY motif). Mutants
were screened and confirmed by sequencing. The cDNAs of
PY mutants of WBP-2 were then digested with BamHI-EcoRI
and inserted into the corresponding sites of pBK-RSV, pBIND
(in-frame with Gal4 DNA binding domain), and pGEX-4T (in-
frame with GST).

Yeast Two-Hybrid Screening

The yeast two-hybrid screening assay was performed as
described previously (16). A catalytically inactive form of
E6-AP (C833S), in which the active site cysteine residue is
substituted with serine, was used as bait. The prey cDNA
library fused to the Gal4 activation domain was derived from
human brain cells (Clontech).
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WBP-2 Antibody Generation and Western Blot Analysis

Alpha Diagnostic International (San Antonio, TX) generated
the antibody against WBP-2 protein. A unique 17 amino acid
(N�-NDMKNVPEAFKGTKKGT-C�) peptide sequence was se-
lected within WBP-2 protein based on hydrophilicity, antige-
nicity, and accessibility scale using various bioinformatics
protein-profiling programs. Cross-reactivity of the peptide
sequence was checked by basic local alignment search tool
(BLAST) analysis and was conserved in WBP-2 proteins
across species. This peptide was synthesized in vitro and
covalently attached to a carrier protein (KLH) via a cysteine
residue added to the amino terminus and was injected into
rabbits for polyclonal antibody generation. Antibodies gener-
ated were concentrated by affinity purification. Anti-WBP-2
was used at 1:500 dilutions in immunoblotting, and at 1:50 for
ChIP assay.

In Vitro Interaction Assay

In vitro expression of radiolabeled E6-AP and ER were per-
formed by in vitro transcription and translation from rabbit
reticulocyte extract in the presence of [35S]methionine ac-
cording to the manufacturer’s recommended conditions
(Promega). GST-WBP-2 was expressed in Escherichia coli
DH-5� cells and purified on glutathione-Sepharose beads.
The purified and glutathione-bound WBP-2 was incubated
with in vitro-translated E6-AP and ER in NETN buffer [50 mM

NaCl, 1 mM EDTA, 20 mM Tris (pH 8.0), 0.1% Nonidet P-40]
overnight at 4 C. After washing four times with NETN buffer,
WBP-2-bound E6-AP and ER were eluted and separated on
10% sodium dodecyl sulfate (SDS)-polyacrylamide gels.

Immunoprecipitation Assay

Twenty-four hours after growth, cells were washed in TEN
buffer [40 mM Tris-HCl (pH 7.5), 1 mM EDTA, 150 mM NaCl]
and lysed in ice-cold radioimmunoprecipitation assay (RIPA)
buffer containing salt [400 mM NaCl, 1� PBS, 1% Nonidet
P-40, 0.5% sodium deoxycholate, 0.1% SDS, 10 mg/ml phe-
nylmethylsulfonylfluoride (10 �l/ml), aprotinin (30 �l/ml), and
100 nM sodium orthovanadate (10 �l/ml)] by pipetting up and
down. Thereafter, cell lysates were placed on ice for 30 min.
To bring the salt concentration of cell lysates to 150 mM NaCl,
150 �l of NaCl-free RIPA buffer [1� PBS, 1% Nonidet P-40,
0.5% sodium deoxycholate, 0.1% SDS, 10 mg/ml phenylm-
ethylsulfonylfluoride (10 �l/ml), aprotinin (30 �l/ml), and 100
nM sodium orthovanadate (10 �l/ml)] was added to the ly-
sates. After centrifugation at 4 C (21,000 � g), lysates were
incubated with 20 �l of protein A-Sepharose and rocked at 4
C for 30 min. After centrifugation, supernatants were trans-
ferred to fresh tubes and lysates were mixed either with
serum or anti-ER antibody (HC-20; Santa Cruz Biotechnol-
ogy, Santa Cruz, CA) at 4 C for 2 h on a rocker. Afterward, 20
�l of protein A-Sepharose beads were added, and lysates
were incubated for an additional hour at 4 C on a rocker.
Finally, after extensive washing with NaCl-free RIPA buffer,
immunoprecipitates were subjected to SDS-PAGE and ana-
lyzed by Western blotting using either an anti-ER, anti-E6-AP,
or anti-WBP-2 antibody.

Transient Transfection

HeLa and MCF-7 cells were maintained in DMEM containing
10% fetal bovine serum. T47D and LNCaP cells were cul-
tured in RPMI 1640 medium supplemented with 10% fetal
bovine serum. A total of 3 � 105 cells was plated 24 h before
transfection in six-well plates containing 5% dextran-coated
charcoal-stripped serum. Cells were transfected with the in-
dicated amount of DNA using FuGene 6 transfection reagent
(Roche Diagnostics, Indianapolis, IN). After 4 h, cells were

treated with the indicated hormones and harvested 24 h later.
Luciferase assays were performed using Promega’s lucif-
erase assay system.

Design, Construction, and Transfection of siRNA
against WBP-2

The siRNA target finder program from Ambion (Austin, TX)
was used to design siRNA against WBP-2. The sequences
used are as follows from the amino terminus: Seq#1(AS)
5�-AACGTGCCAGAAGCCTTCAAACCTGTCTC-3�, Seq#1(S)
5�-AATTTGAAGGCTTCTTCTGGCACGCCTGTCTC-3�. Am-
bion siRNA construction kit was used to construct and purify
scrambled and WBP-2-specific siRNA molecules for trans-
fection assays. JetSI transfection reagent (Qbiogene/MP Bio-
chemicals, Carlsbad, CA) was used for transfection in HeLa
and MCF-7 cells followed by luciferase reporter assay (de-
scribed previously) and real-time PCR analysis (described
below), respectively. The GAPDH (control) siRNA was pur-
chased from Ambion.

Real-Time PCR Analysis

The real-time PCR analysis was carried out according to
previous studies in MCF-7 cells. RNA was isolated using the
TRIzol (Invitrogen) reagent as per the supplier’s protocol.
cDNA synthesis (iScript cDNA Synthesis kit) and real-time
PCR analysis (iQ SYBR Green Supermix) were performed
using the protocol provided with the products (Bio-Rad, Her-
cules, CA). The DNA was quantified by real-time quantitative
PCR using pS2 promoter-specific primers (forward, 5�-
GCGCCCTGGTCCTGGTGTCCAT-3�; reverse, 5�-GAAAC-
CACAATTCTGTCTTT CAC-3�). The results were normalized
to PCR product amplified with a pair of GAPDH-specific
primers (forward, 5�-GAAGGTGAAGGTCGGAGTC-3�; re-
verse, 5�-GAAGATGGTGATGGGATTTC-3�). Real-time PCR
were performed using the iCycler iQ multicolor real-time PCR
detection system (Bio-Rad). To avoid variations from different
samples, the relative pS2 mRNA levels were normalized
against GAPDH mRNA content of the same sample.

ChIP

The ChIP analysis was performed as described previously
using MCF cells. The DNA was purified using QIAquick PCR
purification kit (Qiagen, Valencia, CA) and eluted in 50 �l of
H2O. Total input samples were eluted in 100 �l of H2O and
diluted 1:10 before PCR analysis. Each PCR contains 6 �l of
immunoprecipitate or input, 0.5 �M of each primer, 0.4 mM

dNTP mixture, 1� Titanium Taq PCR buffer (Clontech), and
1� Titanium TaqDNA polymerase (Clontech) in a total volume
of 25 �l. The primers for the pS2 promoter were as follows:
forward, 5�-GGCCATCTCTCACTATGAATCACTTCTGC-3�,
and reverse, 5�-GGCAGGCTCTGTTTGCTTAAAGAGCG-3�.
PCR was performed for 29 cycles with 1 min of denaturing at
94 C, annealing at 62 C, and extension at 68 C.

Acknowledgments

We thank Drs. Fred Pereira and David Lonard for critical
reading of the manuscript. We also extend our gratitude to Dr.
Marius Sudol (Department of Medicine, Mount Sinai Medical
Center, New York, NY) for providing us with the cDNA for
full-length WBP-2 and full-length YAP protein.

Received December 27, 2005. Accepted June 1, 2006.
Address all correspondence and requests for reprints to:

Zafar Nawaz, Ph.D., Department of Biochemistry and Molec-

2352 Mol Endocrinol, October 2006, 20(10):2343–2354 Dhananjayan et al. • Role of WBP-2 in Steroid Receptor Function



ular Biology, Braman Breast Cancer Institute (M-877), Uni-
versity of Miami School of Medicine, Batchelor’s Building,
Room 416, 1580 Northwest 10th Avenue, Miami, Florida
33136. E-mail: znawaz@med.miami.edu.

This work was supported by National Institutes of Health
Grants DK56833, DK060907, and funds from the Braman
Family Breast Cancer Institute (to Z.N.) and NIH-HD (to
B.W.O.).

The authors have nothing to disclose.

REFERENCES

1. Allan GF, Leng X, Tsai SY, Weigel NL, Edwards DP, Tsai
MJ, O’Malley BW 1992 Hormone and antihormone in-
duce distinct conformational changes which are central
to steroid receptor activation [PR-B]. J Biol Chem 267:
19513–19520

2. Tsai MJ, O’Malley BW 1994 Molecular mechanisms of
action of steroid/thyroid receptor superfamily members.
Annu Rev Biochem 63:451–486

3. Carson-Jurica MA, Schrader WT, O’Malley BW 1990 Ste-
roid receptor family: structure and functions. Endocr Rev
11:201–220

4. Hager GL, Nagaich AK, Johnson TA, Walker DA, John S
2004 Dynamics of nuclear receptor movement and tran-
scription. Biochim Biophys Acta 1677:46–51

5. Nagaich AK, Rayasam GV, Martinez ED, Becker M, Qiu Y,
Johnson TA, Elbi C, Fletcher TM, John S, Hager GL 2004
Subnuclear trafficking and gene targeting by steroid re-
ceptors. Ann NY Acad Sci 1024:213–220

6. McKenna NJ, Lanz RB, O’Malley BW 1999 Nuclear re-
ceptor coregulators: cellular and molecular biology. En-
docr Rev 20:321–344

7. Perissi V, Aggarwal A, Glass CK, Rose DW, Rosenfeld
MG 2004 A corepressor/coactivator exchange complex
required for transcriptional activation by nuclear recep-
tors and other regulated transcription factors. Cell 116:
511–526

8. Gao X, Loggie BW, Nawaz Z 2002 The roles of sex
steroid receptor coregulators in cancer. Mol Cancer 1:7

9. Horwitz KB, Jackson TA, Bain DL, Richer JK, Takimoto
GS, Tung L 1996 Nuclear receptor coactivators and core-
pressors. Mol Endocrinol 10:1167–1177

10. Lee JW, Lee YC, Na SY, Jung DJ, Lee SK 2001 Tran-
scriptional coregulators of the nuclear receptor
superfamily: coactivators and corepressors. Cell Mol Life
Sci 58:289–297

11. McKenna NJ, O’Malley BW 2002 Combinatorial control
of gene expression by nuclear receptors and coregula-
tors. Cell 108:465–474

12. Chen D, Ma H, Hong H, Koh SS, Huang SM, Schurter BT,
Aswad DW, Stallcup MR 1999 Regulation of transcription
by a protein methyltransferase. Science 284:2174–2177

13. Chen JD 2000 Steroid/nuclear receptor coactivators. Vi-
tam Horm 58:391–448

14. Fondell JD 2002 Gene activation by thyroid hormone
receptor in vitro and purification of the TRAP coactivator
complex. Methods Mol Biol 202:195–214

15. McKenna NJ, Xu J, Nawaz Z, Tsai SY, Tsai MJ, O’Malley
BW 1999 Nuclear receptor coactivators: multiple en-
zymes, multiple complexes, multiple functions. J Steroid
Biochem Mol Biol 69:3–12

16. Nawaz Z, Lonard DM, Smith CL, Lev-Lehman E, Tsai SY,
Tsai MJ, O’Malley BW 1999 The Angelman syndrome-
associated protein, E6-AP, is a coactivator for the nu-
clear hormone receptor superfamily. Mol Cell Biol 19:
1182–1189

17. Onate SA, Boonyaratanakornkit V, Spencer TE, Tsai SY,
Tsai MJ, Edwards DP, O’Malley BW 1998 The steroid
receptor coactivator-1 contains multiple receptor inter-

acting and activation domains that cooperatively en-
hance the activation function 1 (AF1) and AF2 domians of
steroid receptors. J Biol Chem 273:12101–12108

18. Rachez C, Lemon BD, Suldan Z, Bromleigh V, Gamble M,
Naar AM, Erdjument-Bromage H, Tempst P, Freedman
LP 1999 Ligand-dependent transcription activation by
nuclear receptors requires the DRIP complex. Nature
398:824–828

19. Verma S, Ismail A, Gao X, Fu G, Li X, O’Malley BW,
Nawaz Z 2004 The ubiquitin-conjugating enzyme UBCH7
acts as a coactivator for steroid hormone receptors. Mol
Cell Biol 24:8716–8726

20. Sudol M, Chen HI, Bougeret C, Einbond A, Bork P 1995
Characterization of a novel protein-binding module—the
WW domain. FEBS Lett 369:67–71

21. Pirozzi G, McConnell SJ, Uveges AJ, Carter JM, Sparks
AB, Kay BK, Fowlkes DM 1997 Identification of novel
human WW domain-containing proteins by cloning of
ligand targets. J Biol Chem 272:14611–14616

22. Chen HI, Sudol M 1995 The WW domain of Yes-associ-
ated protein binds a proline-rich ligand that differs from
the consensus established for Src homology 3-binding
modules. Proc Natl Acad Sci USA 92:7819–7823

23. Yagi R, Chen LF, Shigesada K, Murakami Y, Ito Y 1999 A
WW domain-containing yes-associated protein (YAP) is a
novel transcriptional co-activator. EMBO J 18:
2551–2562

24. Zaidi SK, Sullivan AJ, Medina R, Ito Y, Van Wijnen AJ,
Stein JL, Lian JB, Stein GS 2004 Tyrosine phosphoryla-
tion controls Runx2-mediated subnuclear targeting of
YAP to repress transcription. EMBO J 23:790–799

25. Vassilev A, Kaneko KJ, Shu H, Zhao Y, DePamphilis ML
2001 TEAD/TEF transcription factors utilize the activation
domain of YAP65, a Src/Yes-associated protein local-
ized in the cytoplasm. Genes Dev 15:1229–1241

26. Strano S, Munarriz E, Rossi M, Castagnoli L, Shaul Y,
Sacchi A, Oren M, Sudol M, Cesareni G, Blandino G 2001
Physical interaction with Yes-associated protein en-
hances p73 transcriptional activity. J Biol Chem 276:
15164–15173

27. Basu S, Totty NF, Irwin MS, Sudol M, Downward J 2003
Akt phosphorylates the Yes-associated protein, YAP, to
induce interaction with 14-3-3 and attenuation of p73-
mediated apoptosis. Mol Cell 11:11–23

28. Komuro A, Nagai M, Navin NE, Sudol M 2003 WW do-
main-containing protein YAP associates with ErbB-4 and
acts as a co-transcriptional activator for the carboxyl-
terminal fragment of ErbB-4 that translocates to the nu-
cleus. J Biol Chem 278:33334–33341

29. Nawaz Z, O’Malley BW 2004 Urban renewal in the
nucleus: is protein turnover by proteasomes absolutely
required for nuclear receptor-regulated transcription?
Mol Endocrinol 18:493–499

30. Tasset D, Tora L, Fromental C, Scheer E, Chambon P
1990 Distinct classes of transcriptional activating do-
mains function by different mechanisms. Cell 62:
1177–1187

31. Heery DM, Kalkhoven E, Hoare S, Parker MG 1997 A
signature motif in transcriptional co-activators mediates
binding to nuclear receptors. Nature 387:733–736

32. Khan OY, Fu G, Ismail A, Srinivasan S, Cao X, Tu Y, Lu S,
Nawaz Z 2005 Multifunction steroid receptor coactivator,
E6-associated protein, E6-AP is involved in development
of the prostate gland. Mol Endocrinol 20:544–559

33. Weiss RE, Xu J, Ning G, Pohlenz J, O’Malley BW, Refet-
off S 1999 Mice deficient in the steroid receptor co-
activator 1 (SRC-1) are resistant to thyroid hormone.
EMBO J 18:1900–1904

34. Onate SA, Tsai SY, Tsai MJ, O’Malley BW 1995 Se-
quence and characterization of a coactivator for the ste-

Dhananjayan et al. • Role of WBP-2 in Steroid Receptor Function Mol Endocrinol, October 2006, 20(10):2343–2354 2353



roid hormone receptor superfamily. Science 270:
1354–1357

35. Tilley WD, Marcelli M, Wilson JD, McPhaul MJ 1989
Characterization and expression of a cDNA encoding the
human androgen receptor [AR]. Proc Natl Acad Sci USA
86:327–331

36. el-Deiry WS, Tokino T, Velculescu VE, Levy DB, Parsons
R, Trent JM, Lin D, Mercer WE, Kinzler KW, Vogelstein B
1993 WAF1, a potential mediator of p53 tumor suppres-
sion. Cell 75:817–825

37. Liu Z, Wong J, Tsai SY, Tsai MJ, O’Malley BW 1999
Steroid receptor coactivator-1 (SRC-1) enhances li-
gand-dependent and receptor-dependent cell-free
transcription of chromatin. Proc Natl Acad Sci USA
96:9485–9490

38. Xu J, Nawaz Z, Tsai SY, Tsai MJ, O’Malley BW 1996 The
extreme C terminus of progesterone receptor contains a
transcriptional repressor domain that functions through a
putative corepressor. Proc Natl Acad Sci USA
93:12195–12199

Molecular Endocrinology is published monthly by The Endocrine Society (http://www.endo-society.org), the foremost
professional society serving the endocrine community.

2354 Mol Endocrinol, October 2006, 20(10):2343–2354 Dhananjayan et al. • Role of WBP-2 in Steroid Receptor Function




